Comparative 
ANIMAL   PHYSIOLOGY 


Comparative 
ANIMAL   PHYSIOLOGY 


C.  LADD  PROSSER,  Editor 

By 
DAVID   W.    BISHOP 

Professor  of  Physiology,  University  of  Massachusetts 

FRANK  A.   BROWN,  Jr. 

Professor  of  Biology,  Northwestern  University 

THEODORE   L.   JAHN 

Professor  of  Zoology,  University  of  California  at  Los  Angeles 

C.   LADD   PROSSER 

Professor  of  Physiology,  University  of  Illinois 

VERNER  J.  WULFF 

Assistant  Professor  of  Physiology,  University  of  Illinois 


Illustrated 

W.  B.  SAUNDERS  COMPANY 

Philadelphia  •  1950  •  London 


COPYRIGHT,  1950,  BY  W.  B.  SAUNDERS  COMPANY 
COPYRIGHT  UNDER   THE   INTERNATIONAL   COPYRIGHT   UNION 


All  rights  reserved.  This  hook  is  protected  hy  copyrioht.  No  part  of 
it  may  he  duplicated  or  reproduced  in  any  manner  without  written 
permission  from  the  puhlisher.  Made  in  the  United  States  of 
America  at  the  Press  of  W.  B.  Satmders  Company,  Philadelphia. 


Pref 


ace 


I  HE  OBJECTIVES  of  comparative  physiology  are:  (1)  to  describe  the 
diverse  ways  in  which  different  kinds  of  animals  meet  their 
-  functional  requirements;  (2)  to  elucidate  evolutionary  relation- 
ships of  animals  by  comparing  physiological  and  biochemical  characteristics; 
(3)  to  provide  the  physiological  basis  of  ecology,  describing  the  mechanisms 
of  tolerance  of  the  stresses  of  particular  habitats  and  the  functional  adaptations 
underlying  extension  of  the  range  of  a  population;  (4)  to  call  attention  to 
animal  preparations  particularly  suitable  for  demonstrating  specific  functions; 
and  (5)  to  lead  to  broad  biological  generalizations  arising  from  the  use  of  kind 
of  animal  as  one  experimental  variable. 

The  present  book  attempts  to  serve  two  purposes:  (I)  as  a  textbook  for 
use  in  courses  in  comparative  physiology  at  the  advanced  undergraduate-early 
graduate  level  by  students  with  some  background  in  zoology  and  mammalian 
physiology;  (2)  as  a  source  book  of  sufficient  detail  and  bibliography  adequate 
to  introduce  investigators  to  particular  branches  of  the  subject.  No  attempt 
is  made  to  cover  in  detail  the  fields  of  cellular  and  mammalian  physiology, 
although  a  certain  amount  from  each  is  utilized;  experience  favors  the 
separation  of  courses  in  comparative,  cellular  and  mammalian  physiology. 
The  index  is  arranged  to  provide  zoologists  with  material  on  the  physiology 
of  particular  animal  groups,  and  this  book  might  well  give  the  physiological 
material  for  courses  in  invertebrate  zoology,  protozoology,  helminthology,  ento- 
mology, ichthyology,  herpetology,  ornithology,  and  mammalogy. 

The  enormous  literature  of  comparative  physiology  exists  mainly  in  journals 
and  monographs,  and  the  only  truly  comprehensive  account  in  recent  years 
is  Buddenbrock's  Grundriss  der  vergleichenden  Physiologie.  The  bibliography 
of  the  present  book,  although  extensive,  is  highly  selective  and  therefore 
not  comprehensive;  it  does  not  include  many  papers  published  since  August 
1949.  No  effort  is  made  to  cite  the  earliest  reference  for  a  given  tact,  but 
rather  the  recent  important  references  are  cited,  and  interested  readers  can 
trace  earlier  literature  from  these. 

Some  animals  are  designated  by  two  names  and  the  same  name  is  not 
always  used  throughout  the  book.  This  results  from  changes  in  nomencla- 
ture introduced  by  systematists  who,  for  reasons  of  priority  or  reclassification 
at  the  generic  or  specific  levels,  find  it  necessary  to  discard  names  which  have 
been  used  extensively  in  experimental  papers.  In  this  book,  with  a  few 
exceptions,  animal  names  are  given  as  used  in   the  original  experimental 
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papers.  A  few  examples  of  important  synonymous  genera  are  given  with  the 
older  name  in  parentheses:  Amoeba  mira  (Flabellula  mira),  Aurellia 
(Aurelia),  Neanthes  virens  (Nereis  virens),  Xiphosura  (Limulus),  Crago 
(Crangon),  Crangon  (Alphaeus),  Uca  (Gelasimus),  Ambystoma  (Ambly- 
stoma). 

This  book  was  written  to  satisfy  the  need  for  a  systematic  organization  of 
the  diverse  facts  in  the  literature  of  comparative  physiology  and  to  emphasize 
and  extend  the  comparative  viewpoint  in  physiology  as  a^whole.  Generahza- 
tions  are  drawn  only  when  the  existing  data  seem  to  warrant,  but  new  gen- 
eralizations have  emerged  from  the  organized  facts.  Every  chapter  includes 
numerous  suggestions  of  unknowns,  problems  which  need  to  be  solved  in  the 
near  future. 

The  authors  are  grateful  to  their  many  colleagues  who  have  contributed 
in  discussions  of  the  various  topics.  In  particular  they  express  their  gratitude 
to  the  following,  each  of  whom  has  critically  read  one  or  more  chapters: 
E.  J.  Boell,  J.  B.  Buck,  T.  H.  Bullock,  H.  E.  Carter,  Peter  Du  Bruyn,  Gottfried 
Fraenkel,  E.  N.  Harvey,  S.  C.  Kendeigh,  Rudolph  Kempton,  George  Kidder, 
Lewis  Kleinholz,  Peter  Morrison,  O.  P.  Pearson,  Robert  Ramsey,  A.  C.  Red- 
field,  H.  B.  Steinbach,  C.  D.  Turner,  and  Albert  Tyler. 

Undoubtedly  many  errors  of  fact  and  interpretation  still  remain,  and  the 
authors  hope  that  attention  may  be  called  to  these  by  teachers,  students  and 
in\'esti2ators  who  use  this  book. 


The  Authors 
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CHAPTER  I 


Introduction 


HE  SCIENCE  OF  PHYSIOLOGY  is  the  analysis  of  function  in  living  organ- 
isms. One  of  the  prerequisites  for  its  study  is  a  knowledge  of  morph- 
ology. Physiology  is  a  synthetic  science  which  applies  physical  and 
chemical  methods  to  biology. 

The  Fields  of  Physiology.  For  practical  purposes,  physiology  can  be 
divided  into  three  categories,  as  follows. 

Comparative  Physiology.  Comparati\'e  ph\siology  treats  of  organ  function 
in  a  wide  range  of  groups  of  organisms.  Comparative  animal  physiology  in- 
tegrates and  coordinates  functional  relationships  which  transcend  special 
groups  of  animals.  It  is  concerned  with  the  ways  in  which  diverse  organisms 
perform  similar  functions.  CeneticalK'  dissimilar  organisms  may  show  striking 
similarities  in  characteristics  and  response  to  the  same  en\  ironmenial  stimulus. 
By  the  same  token  closely  related  animals  frequently  react  very  differently  to 
their  surroundings.  While  other  branches  of  physiology  use  such  variables  as 
light,  temperature,  oxygen  tension,  and  hormone  balance,  comparati\e  physiol- 
ogy uses,  in  addition,  species  or  animal  type  as  a  variable  lor  each  1  unction. 
The  generalizations  which  emerge  from  this  experimental  approach  are  im- 
portant as  biological  principles  which  often  aid  in  solving  problems  of  cellular 
and  special  group  physiology. 

Physiology  of  Special  Groups.  The  physiology  of  special  groups  of  organ- 
isms treats  of  functional  characteristics  in  particular  kinds  of  plants  and  ani- 
mals. Traditionally,  the  basic  animal  physiology  is  buman  and  mammalian 
physiology,  and  this  science  provides  the  rational  basis  for  much  ol  medicine 
and  animal  husbandry.  The  physiology  of  higher  plants  is  equalK'  specialized 
and  important  as  a  basis  for  plant  agriculture.  Insect  ph\siology  is  rapidly 
becoming  a  special  group  physiology. 

Cellular  Physiology.  Cellular  or  general  physiology  treats  of  those  basic 
characteristics  common  to  most  living  organisms.  A  vast  amount  of  biochemi- 
cal evolution  occurred  in  protoplasm  before  multicellular  organisms  appeared, 
and  cells  are  exceedingly  complicated  in  their  functional  organization.  In  any 
cell-yeast,  muscle  fiber,  or  leaf  parenchyma  cell-the  fundamental  properties 
of  differential  permeability,  oxidative  enzyme  activity,  genie  control  of  cyto- 
plasm, and  many  other  properties  are  much  the  same.  At  the  cellular  level  all 
organisms  have  more  in  common  than  in  difference,  and  this  basic  similarity 
should  form  the  starting  point  for  evolutionary  theory.  Cellular  specialization 
has  led  to  some  diversity  of  cell  types  and  has  often  brought  with  it  the  loss 
of  one  function  with  emphasis  on  another.  In  this  sense  one  may  speak  of  a 
comparative  physiology  of  the  cells  in  one  organism.  1  he  characters  treated 
in  cellular  physiology  are  nearly  universal  and  are  extremely  stable  with 
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respect  to  the  environment;  these  characters  will  not  be  discussed  in  this  book. 

The  Organism  and  the  Environment.  Foremost  among  general  principles 
which  emerge  from  a  study  of  comparative  physiology  is  the  functional  adapta- 
tion of  organisms  to  their  environment.  The  distribution  of  a  species  is  deter- 
mined through  natural  selection  by  its  hmits  of  tolerance.  Every  species  can 
live  within  certain  limits  of  variation  of  each  environmental  factor.  One 
environmental  factor  may  limit  the  distribution  of  one  group,  and  another 
may  limit  another  group.  Salinity  of  an  aquatic  habitat  limits  some  animals, 
oxygen  tension  limits  some,  and  temperature  extremes  hmit  others.  Explana- 
tions of  both  restricted  distribution  and  widely  diversified  distribution  can 
be  obtained  by  examining  physiological  reactions  to  environmental  stress. 
The  extent  to  which  adaptation  to  a  changed  environment  can  occur  and 
the  mechanism  by  which  such  adaptation  occurs  provide  a  basis  on  which 
to  account  for  existing  distribution  and  to  predict  the  possibilities  of  future 
migrations.  Animals  can  respond  to  environmental  stresses  either  by  alter- 
ing themselves  (adjusting)  to  correspond  with  the  environment,  or  by  regu- 
lating themselves  by  means  of  protective  mechanisms  and  thus  maintaining 
a  certain  internal  constancy.  Each  type  of  response  permits  survival  and 
is,  therefore,  adaptive.  For  example,  some  aquatic  animals  follow  osmotic 
changes  in  the  medium  by  proportionate  internal  changes,  whereas  others 
maintain  a  constant  internal  osmolar  concentration.  Most  animals  are  at  the 
temperature  of  the  external  environment  (adjustment),  whereas  a  few  show 
temperature  regulation.  When  an  environmental  stress  is  removed  an  animal 
tends  to  return  to  its  previous  mean  state;  that  is,  recovery  stops  at  a  point  of 
balance  of  body  functions. 

Different  groups  of  animals  solve  a  given  problem  of  environmental  stress 
by  different  means.  For  example,  methods  of  obtaining  oxygen  (external 
respiration)  and  methods  of  oxygen  transport  show  wide  variation  within 
single  groups,  as  in  insects.  Conversely  there  are  examples  of  physiological 
convergence.  One  respiratory  pigment,  hemoglobin,  has  arisen  a  number  of 
times  in  totally  unrelated  groups.  Animals  never  react  to  a  complex  environ- 
mental situation  with  a  single  organ  system.  It  has  often  been  stated  that  the 
organism  as  a  whole  is  more  than  the  sum  of  its  parts,  and  out  of  the  whole 
organism  emerge  characters  not  present  in  any  of  the  parts.  Animals  react  as 
integrated  wholes,  many  organ  systems  combining  in  single  responses. 

Adaptive  reactions  to  environmental  stress  may  be  of  two  types,  physiological 
(within  the  individual)  or  genetic.  Physiological  adaptations  are  those  respon- 
ses of  an  individual  which  occur  within  the  genie  limits  of  lability.  The 
genetic  limits  for  physiological  response  are  much  wider  than  is  sometimes 
recognized.  Modifying  effects  of  the  environment  on  morphological  develop- 
ment are  well  known,  as  in  the  effects  of  oxygen  tension  on  gill  size  in  tad- 
poles, or  of  salinity  on  anal  gills  of  mosquito  larvae,  but  environmental  modifi- 
cation is  much  better  seen  in  physiological  characters.  When  there  are  environ- 
mental changes  in  oxygen  tension,  salinity,  or  temperature,  a  variety  of  com- 
pensating or  restorative  reactions  may  occur,  some  even  involving  changes  in 
enzymatic  pattern.  For  example,  lethal  temperatures  depend  on  acclimatiza- 
tion temperature;  the  nature  of  nitrogen  excretion  depends  in  some  species  on 
the  amount  of  available  water.  It  is  one  task  of  comparative  physiology  to 
learn  the  extent  and  kinds  of  lability  permitted  by  a  given  genotype. 
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The  second  or  genetic  type  of  adaptive  reactions  involves  selection  of  genie 
mutations.  There  is  no  evidence  that  environmental  stress  per  se  can  induce 
genie  change,  but  physiological  selection  of  mutations  does  occur.  Those 
organisms  u'hich,  by  mutation,  extend  the  limits  of  their  physiological  lability 
widen  the  range  of  a  species.  Within  a  species  there  are  many  genie  differ- 
ences, and  it  is  the  combined  task  of  the  comparative  physiologist,  ecologist, 
and  geneticist  to  learn  whether  an  extreme  adaptive  capacity  of  certain 
measured  individual  animals  represents  a  normal  lability  for  a  given  gene 
complex  or  represents  a  mutation.  This  can  be  learned  only  by  subjecting 
several  generations  to  the  environmental  stress.  Only  those  adaptations  which 
have  a  genetic  basis  are  used  in  evolution.  Extensive  combined  genetic  and 
physiological  studies  on  animals  found  at  the  limits  of  their  normal  range  are 
needed.  Many  problems  are  implicit  in  such  an  approach,  for  example,  the 
interplay  of  genetic  potentialities  with  acclimatization  capacity  of  organisms, 
the  factors  underlying  change  in  habitat  within  groups  as  in  movements  from 
water  to  land,  and  the  basis  for  annual  migration  and  hibernation  of  certain 
kinds  of  animals. 

Ecological  Aspects  of  Comparative  Physiology.  Ecology  is  closely  related 
to  phylogeny;  where  an  animal  is  able  to  live  depends  to  a  considerable  extent 
on  where  its  ancestors  lived.  Comparative  physiology  can  help  to  answer  such 
ecological  questions  as:  Why  do  all  echinoderms  inhabit  the  oceans?  Why  are 
there  practically  no  marine  insects  or  amphibians?  Why  are  some  fish  restricted 
to  fast  flowing  water?  How  can  eels  and  salmon  live  in  both  ocean  and  fresh 
water? 

There  is  no  simple  way  to  summarize  all  of  the  environmental  factors  in- 
fluencing an  organism,  but  we  can  distinguish  four  main  habitats:  marine, 
fresh-water,  terrestrial,  and  endoparasitic.  Each  of  these  can  be  extensively 
subdivided,  and  terrestrial  habitats  have  been  most  completely  classified  by 
zoogeographers  and  ecologists. 

The  comparative  physiologist  considers  the  organism  in  its  environment, 
played  upon  by  a  variety  of  environmental  components-^-water,  inorganic  ions, 
organic  food,  oxygen  and  carbon  dioxide,  light,  high  and  low  frequency 
mechanical  stimuli,  gravity,  pressure,  and  temperature.  We  are  concerned 
with  the  adaptive  responses  to  these  environmental  factors.  In  addition,  an 
animal  is  influenced  in  its  environment  by  other  organisms-plants  and  ani- 
mals. A  consideration  of  the  biotic  environment  leads  us  beyond  the  realm 
of  present-dav  physiology.  Animal  behavior  will  be  discussed  in  this  book  only 
as  it  throws  light  upon  sensory,  central  nervous,  and  locomotor  mechanisms. 

The  characters  which  compose  the  bulk  of  physiological  adaptations  in 
different  environments  are  often  unstable  within  an  animal  group;  that  is, 
they  show  great  lability.  These  are  the  physiological  characters  which  provide 
the  basis  for  the  ecological  distribution  of  animals.  Best  examples  are  found 
in  respiration,  nitrogen  excretion,  osmotic  regulation,  and  circulatory  and 
metabolic  responses  to  temperature  extremes. 

Phylogenetic  Aspects  of  Comparative  Physiology.  The  physiology  of  any 
group  of  animals  represents  a  point  in  the  history  of  that  group  The  com- 
parative animal  physiologist  needs,  therefore,  to  know  somethmg  of  phylogeny 
and  taxonomv.  The  phvlogenist  uses  the  data  of  paleontology  when  they  are 
available  but'  also  relies  on  taxonomy  and  comparative  embryology.    During 
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recent  years  many  physiological  characters  have  been  examined  with  respect 
to  their  evolutionary  significance.  Physiological  and  biochemical  homologies 
and  analogies  can  be  established  and  are  as  striking  as  morphological  ones. 
Evidences  of  embryonic  retention,  of  convergence  and  divergence,  of  loss  of 
function  without  return  have  also  been  presented  for  biochemical  characters, 
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particularly  in  embryos.   It  is  important  to  learn  how  far  functional  evidence 
agrees  with  the  traditional  morphological  evidence  for  animal  kinships. 

To  provide  a  reference  point  for  phylogenetic  discussions  a  brief  summary 
of  present  views  regarding  the  history  of  the  principal  animal  phyla  is  neces- 
sary. A  "tree"  of  the  animal  kingdom  is  given  in  Figure  1.  There  is  good 
agreement  that  at  the  level  of  the  lower  worms  there  occurred  a  divergence 
which  resulted  in  two  important  parallel  lines.  On  the  one  side  there  arc 
the  annelids,  arthropods,  and  molluscs;  on  the  other  side  are  the  echinoderms 
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and  chorclates.  No  longer  do  zoologists  seriously  consider  the  annelid  or 
arthropod  theories  oF  chordate  origin.  There  is  little  question  that  the  cephalo- 
pods  show  greatest  specialization  among  molluscs,  the  insects  among  arthro- 
pods, and  birds  and  mammals  among  chordates.  The  annelid  arthropod- 
mollusc  groups  show  determinate  cleawige;  i.e.,  the  hiastomeres  arrange 
themselves  in  a  stereotyped  pattern,  each  cell  with  a  fi.xcd  prospective  role, 
whereas  among  echinoderms  and  chordates  cleavage  is  indeterminate.  In  the 
lirst-mentioned  group  mesoderm  formation  begins  with  a  particular  cell  in  the 
blastula,  From  which  two  lateral  mesodermal  bands  arise;  in  the  cchinoderm- 
chordate  group  mesoderm  arises  as  an  outpouching  From  the  archenteron,  i.e., 
From  the  endoderm.  In  the  annelid-arthropod-mollusc  line  the  coelom  is 
hollowed  out  From  the  mesodermal  bands,  whereas  in  the  echinoderm-chor- 
dates  the  coelom  pushes  out  From  the  archenteron.  In  the  annelid  arthropod- 
mollusc  line  the  blastopore  gives  rise  to  the  mouth  and  the  anus  is  opened 
secondarilv,  whereas  in  the  echinoderm-chordate  group  the  anus  de\elops 
From  or  in  the  region  oF  the  blastopore  and  the  mouth  opens  secondarily. 

Species  may  be  considered  as  reproductively  isolated  populations  which 
constitute  natural  units  in  taxonomy.  To  the  comparative  physiologist  species 
are  not  rigidly  fixed  populations;  rather  the  individuals  within  a  species  show 
a  range  oF  potentialities  with  respect  to  adaptation  to  environmental  stresses. 
By  ascertaining  which  adaptations  are  physiological  and  which  genetic  it  may 
be  possible  to  picture  the  e\'olution  oF  small  groups— the  origin  oF  varieties 
and  subspecies.  In  its  larger  aspects  comparative  physiology  supports  the  well- 
established  lines  oF  organic  evolution.  Certainly  the  biFurcation  oF  the  phylo- 
genetic  tree  into  two  main  portions  and  the  specialization  oF  cephalopods, 
insects,  birds,  and  mammals  as  terminal  groups  are  two  evolutionary  conclu- 
sions which  are  amply  supported  by  physiological  evidence. 

The  characters  which  are  most  useFul  in  establishing  phylogenetie  relations 
are  not  as  universal  as  cellular  characters,  but  they  are  widespread  among 
many  animal  groups.  Good  examples  will  be  Found  in  the  fields  oF  digestion, 
visual  pigments,  nitrogen  excretion,  and  in  heart,  muscle,  and  nerve  physiol- 
ogy. 

Summary.  Comparative  physiology  is  an  integrating  subject  which  pro- 
vides the  evidence  For  many  biological  generalizations.  It  is  concerned  par- 
ticularly with  Functional  adaptations  to  environmental  stresses  and  emphasizes 
kind  oF  animal  as  one  experimental  variable.  In  combination  with  field  and 
genetic  studies,  comparative  physiology  has  predictive  value  with  respect  to 
distribution  and  the  evolution  oF  species.  There  are  many  unknowns  in  this 
field,  and  each  chapter  in  this  book  poses  numerous  unanswered  questions. 
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CHAPTER  2 


Water 


INTRODUCTION 


ATER  IS  AN  ESSENTIAL  Constituent  of  ajl  living  things;  it  is 
the  universal  biological  solvent,  the  diffuse  phase  in 
which  most  of  the  cellular  reactions  of  metabolism  occur, 
and  the  most  necessary  to  life  of  all  environmental  constituents.  Life  undoubt- 
edly began  in  a  watery  medium.  Numerous  exits  from  water  to  land  have 
been  made  in  the  course  of  evolution,  but  only  a  few  groups  of  animals  have 
been  successful  in  maintaining  themselves  out  of  water.  Each  group  which 
has  made  the  exit  from  water  has  used  its  own  set  of  adaptations  to  life  in  air, 
some  being  more  successful  than  others.  Only  the  insects  have  made  the  exit 
complete,  and  some  of  them  return  to  water  for  at  least  part  of  their  life  cycle. 
All  other  animals,  including  birds  and  mammals,  return  to  a  watery  medium  at 
least  for  embryonic  life. 

One  problem  of  animal  life  is  to  maintain  inside  the  organism  just  the 
proper  amount  of  water— not  too  much,  not  too  little.  Terrestrial  animals  must 
retain  and  use  what  water  is  available;  fresh-water  animals  must  exclude  water 
to  prevent  self-dilution;  some  marine  and  parasitic  forms  are  in  osmotic 
equilibrium  with  their  medium,  whereas  others  are  more  dilute  and  have  the 
problem  of  taking  in  enough  water  while  living  in  a  plenitude  of  it. 

Nearly  all  fresh-water  and  terrestrial  plants,  by  virtue  of  their  cellulose  walls 
and  active  plasma  membranes,  maintain  their  cellular  constituents,  particularly 
their  vacuolar  sap,  at  concentrations  higher  than  those  of  the  fluids  which 
bathe  their  tissues.  The  cells  are  continually  more  concentrated  than  the 
tissue  fluids  and  hence  turgid.  In  animals,  however,  cellulose  walls  are  absent, 
and  the  effective  intracellular  concentration  equals,  or  slightly  exceeds,  the 
concentration  of  body  fluids.  Regulation  of  osmotic  concentration  in  animals 
takes  place,  then,  not  in  single  cells,  as  in  plants,  but  in  the  organism  as  a 
whole. 

Physical  Factors.  If  the  body  fluids  of  an  animal  are  more  concentrated 
than  the  outside  medium,  the  organism  is  said  to  be  hypertonic;  if  they  are 
more  dilute  the  organism  is  hypotonic  to  the  medium;  if  the  concentrations 
inside  and  out  are  equal,  the  organism  and  the  medium  are  isotonic.  If  a  cell 
is  hypertonic  to  the  medium  and  is  surrounded  by  a  semipermeable  mem- 
brane, that  is,  one  which  will  pass  water  but  not  solute,  water  will  tend  to 
enter  from  the  dilute  medium.  The  pressure  necessary  to  prevent  such  en- 
trance of  water  is  equal  to  the  force  by  which  water  tends  to  enter  and  is 
termed  osmotic  pressure.  Strictly  semipermeable  membranes  rarely  if  ever 
exist  in  living  organisms,  otherwise  there  would  be  no  exchange  of  solutes, 
but  for  the  present  discussion  we  can  consider  all  animal  cell  membranes  as 
essentially  semipermeable.  The  osmotic  pressure  of  a  solution  is  proportional 

6 


Water  7 

to  the  total  number  of  particles  of  solute,  irrespective  of  their  kind  and  size. 
A  number  of  properties  of  solutions,  the  colligative  properties  such  as  vapor 
pressure,  boiling  point,  freezing  point,  and  osmotic  pressure,  arc  tiuis  related 
to  the  number  of  particles  of  solute.  Dilute  solutions  behave  like  gases;  hence 
the  osmotic  pressure  (tt)  equals  the  molal  concentration  (C)  multiplied  by 
the  gas  constant  (R=0.082  Hter  atmosphere)  and  the  absolute  temperature 
(T),  (tt^CRT).  The  higher  the  concentration  of  solute,  the  greater  are  the 
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Fig.  2.  The  relation  between  lowering  of  the  freezing  point  and  concentration 
of  NaCl  in  molarity  and  gm./lOO  cc. 

osmotic  pressure,  the  decrease  in  vapor  pressure,  the  elevation  of  the  boiling 
point,  and  the  depression  of  the  freezing  point  of  the  solution. 

Any  one  of  the  colHgative  properties  can  be  calculated  from  any  of  the 
others  In  practice  osmotic  pressure  of  body  fluids  is  not  ordinarily  measured 
directly,  but  usually  either  the  depression  of  the  freezing  point  A rp.  or  the 
vapor  pressure  is  measured.  A  molal  aqueous  sobtion  of  nonelectrolyte  f  eeze 
at  T.86°C.  The  symbolA  indicates  lowering  of  a  freezing  point;  A.,  e  ers 
to  the  medium  C.,=outside),  A.  refers  to  the  blood  (.-mside),  Au  refers 
to  urine. 
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One  common  method  of  osmotic  measurement  based  on  vapor  pressure  is 
measurement  of  the  size  of  a  drop  of  the  unknown  solution  in  a  capillary  tube 
when  on  either  side,  separated  by  air,  are  drops  of  a  known  concentration 
(Barger's  method,  or  modification  by  Krogh  "■'')•  If  the  unknown  is  a  more 
concentrated  fluid  its  drop  will  decrease  in  size;  if  it  is  less  concentrated  the 
drop  will  become  larger;  if  the  fluid  is  of  the  same  concentration,  or  isotonic, 
the  size  of  the  drop  will  not  change.  Another  method  based  on  vapor  pressure 
is  to  place  a  drop  of  the  unknown  solution  on  one  junction  of  a  thermocouple 
and  a  drop  of  known  concentration  (usually  sodium  chlotide  solution)  on  the 
other  (Baldes-Hill  method").  Changes  in  temperature  due  to  evaporation 
and  condensation  from  one  junction  to  the  other  may  then  be  recorded. 

For  practical  considerations,  since  salts  dissociate  into  ions,  each  of  which 
is  as  effective  osmotically  as  an  undissociated  molecule,  organic  substances 
contribute  only  a  small  fraction  to  the  osmotic  concentration  of  most  body 
fluids  and  practically  none  to  most  aqueous  media.  The  most  easily  determined 
and  the  most  abundant  biological  anion  is  chloride.  Figure  2  shows  the  rela- 
tion between  lowering  of  the  freezing  point  and  concentration  of  sodium 
chloride. 

Patterns  of  Biological  Response  to  Osmotic  Conditions.  The  water  con- 
tent of  the  tissues  of  animals  gives  very  little  indication  of  their  osmotic  prop- 
erties. In  man,  for  example,  the  total  water  content  is  63  nr  4  per  cent;  the 
water  content  of  the  nonbony  tissues  is  about  75-80  per  cent,  and  of  bone  and 
'fat  25-29  per  cent,  yet  the  osmotic  pressures  are  fairly  uniform  throughout  the 
body.  A  jellyfish  may  have  a  water  content  of  95  per  cent  or  more  and  yet  its 
osmotic  concentration  may  be  higher  than  that  of  a  fish  which  is  only  70  per 
cent  water  but  which  contains  a  greater  proportion  of  organic  material.  Some 
adult  insects  contain  as  little  as  46  per  cent  water  and  some  larval  insects  as 
much  as  92  per  cent.  Similarly  the  density  or  specific  gravity  of  a  solution  is 
not  a  direct  function  of  osmotic  concentration,  but  depends  on  the  nature  of 
the  solute,  its  concentration,  the  temperature,  and  the  barometric  pressure. 

Some  aquatic  animals  show  osmotic  lability,  that  is,  the  concentration  of 
their  body  fluid  changes  when  the  medium  changes;  they  adjust  osmotically. 
Other  animals  are  osmotically  stable,  that  is,  their  hypertonicity  or  hypotonicity 
is  maintained,  irrespective  of  the  environment;  they  veiiidate  osmotically.  The 
terms  poikilosmotic  and  homoiosmotic  are  often  applied  to  osmolabile  and 
osmostable  animals.  There  are,  however,  all  gradations  between  the  extreme 
conditions  of  flexibility  and  constancy.  An  animal  may  be  homoiosmotic  in 
one  concentration  range  and  poikilosmotic  in  another.  Osmotic  change  may 
call  into  play  gain  or  loss  of  water  and  thus  be  accompanied  by  volume 
changes;  if  salt  transfer  also  occurs,  the  bodv  volume  is  kept  constant  when- 
ever the  concentration  is  changed  with  the  medium. 

Osmoregulation,  or  maintenance  of  relati\'ely  constant  internal  concentra- 
tion, implies  volume  regulation  as  well.  Osmotic  concentration  may  be  kept 
constant  by  any  of  the  following  mechanisms: 

1)  Limited  permeability  to  water 

2)  Limited  permeability  to  salts  (or  other  solutes) 

3)  Secretion  (in  or  out)  of  salt  against  a  gradient 

4)  Secretion  (in  or  out)  of  water  against  a  gradient 

5)  Storage  of  water  or  solute. 
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Several  of  these  mechanisms  require  energy,  hence  work  is  clone  in  osmotic 
regulation.  The  relative  importance  ol'  each  mechanism  differs  with  the 
animal. 

Animals  tend  to  maintain  an  "optimum"  osmotic  concentration  for  a  given 
environment.  Adolph  '  has  shown  that  in  many  species,  upon  return  to 
normal  environment  after  a  period  of  dehydration,  water  is  taken  up  and,  after 
a  period  of  hydration,  water  is  lost,  until  the  osmo-conccntration  reaches  the 
"optimum"  for  the  particular  animal. 

There  are  numerous  variations  in  osmotic  properties  of  animals  with  season, 
age,  nutrition,  reproductive  and  molting  cycles,  and  geographic  races.  In  the 
following  account  an  attempt  is  made  to  select  comparable  material  but  it  must 
be  emphasized  that  measured  values  for  a  given  species  may  differ  with  condi- 
tions. There  may  be  acclimatization  of  individuals  to  osmotic  condition  and 
there  may  be  genetic  acclimatization  which  operates  by  selection. 

A  careful  summary  of  the  mechanisms  of  osmotic  response  in  each  phylum 
of  animals  which  has  been  studied  is  given  by  Krogh.  ^^-^  We  shall,  therefore, 
confine  our  discussion  to  a  search  for  phylogenetic  and  ecological  implications 
and  applications  of  the  subject.  Ecologically,  few  factors  in  the  environment 
so  limit  the  distribution  of  animals  as  does  the  availability  of  water.  Phylo- 
geneticallv,  so  many  separate  exits  have  been  made  from  the  ocean  to  fresh 
water,  and  from  water  to  land,  and  so  many  separate  reinvasions  of  water  have 
been  made  that  evolution  with  respect  to  water  is  a  tree  of  many  trunks. 
Nature  is  carrying  out  experim.ents  in  osmotic  adaptation  which  we  can 
observe  at  the  present  time,  and  species  may  be  determined  by  the  range  of 
osmotic  labihty  of  a  population. 

The  ocean  is  the  ancestral  animal  home.  The  composition  of  salts  in  sea 
water  differs  in  different  parts  of  the  w^orld  and  has  changed  considerably 
during  biological  history.  The  total  osmotically  effective  concentration  of  the 
ocean  has  increased  since  the  earliest  appearance  of  life.  '1  he  water  of  mid- 
ocean  is  concentrated,  smaller  seas  and  bays  are  diluted  by  inflow  of  fresh 
water,  and  in  estuaries  and  tributary  mouths  brackish  water  merges  with  fresh 
water.  In  seas  such  as  the  Mediterranean,  where  the  evaporation  is  high,  the 
salinity  exceeds  that  of  the  open  ocean.  Fresh-water  dilutions  of  ocean  water 
are  often  expressed  in  per  cent  sea  water.  As  an  average  figure  for  reference 
we  can  consider  sea  water  as  equivalent  to  a  3.4  per  cent  sodium  chloride 
solution,  i.e.,  it  has  a  salinity  of  3.4  per  cent  or  a  chlorinity  of  1.9  per  cent. 
Sea  water  freezes  at  approximately  -1.8°C.  and  is,  therefore,  nearly  molal  in 
its  osmotic  concentration.  Compare  this  with  a  fresh-water  pond  which  may 
show  a  freezing  point  depression  of  0.02^C.  or  less,  or  with  salt  lakes  where 
phytoflagellates  swim  in  water  which  freezes  at  -7.5  "C. 

All  ph}la  and  a  majorit>'  of  the  classes  of  animals  have  representatives 
which  have  made  the  adjustments  necessary  for  marine  life:  some  have 
remained  in  the  ancestral  home,  others  ha\e  returned  to  it.  Animals  from 
fewer  phvla  have  ventured  into  brackish  water  and  only  a  few  ha\e  sufficient 
osmoregulation  for  life  in  fresh  water.  Some  animals  have  invaded  land 
directlv  from  the  ocean,  others  through  the  a\enues  of  estuarinc  and  fresh 
water.  The  parasitic  habit  has  been  assumed  by  marine,  fresh-water,  and  soil- 
dwelling  groups.  Evidence  regarding  the  osmotic  limitation  to  distribution  of  a 
group  of  animals  can  be  obtained  by  observing  the  responses  to  osmotic  stress. 
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OSMOTIC  ADJUSTMENT  TO  THE  MEDIUM; 
POIKILOSMOTIC  ANIMALS 

The  statement  is  sometimes  made  in  textbooks  that  all  marine  invertebrates 
are  isotonic  with  the  ocean;  this  was  found  true  for  a  great  variety  of 
species.^*^'  ^'''  '^^'  Some  crustaceans  and  a  few  annelids  show  deviation  in  osmo- 
concentrations,  but  most  marine  invertebrates  are  isotonic  and  adapt  their 
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CONCENTRATION     OF    SEA    WATER 
IN     PER    CENT 

Fig.  3.  Volume  changes  in  cubic  micra  (XlO")  in  fertilized  Arhacia  eggs  as  a  function 
of  dilution  of  sea  water  as  per  cent  normal  sea  water.  • ,  Lower  curve,  observed  volumes; 
Oi  upper  curve,  volumes  calculated  on  basis  of  gas  laws.   From  Lucke  and  McCutcheon.''^ 

internal  concentration  to  external  changes.  The  limitation  on  the  distribution 
of  all  osmolabile  animals  is  probably  the  dilution  at  which  their  enzyme 
systems  can  still  carry  out  sufficient  metabolism  for  active  life.  The  simplest 
and  most  economical  osmotic  adjustment  is  found  in  marine  and  parasitic 
organisms,  which  are  highly  permeable  to  water  and  gain  or  lose  water  accord- 
ing to  the  concentration  of  the  medium.  No  osmotic  work  is  done,  and  body 
volume  is  not  regulated. 

Osmotic  Change  without  Volume  Regulation :  Unicellular  Animals.  Much 
evidence  indicates  that  marine  Protozoa  are  isotonic  with  sea  water.  The 
flagellate,  Noctiluca,  is  in  osmotic  equilibrium  with  sea  water  but  may  have  a 
lower  specific  gravity  owing  to  the  presence  of  considerable  amounts  of  a  salt 
of  lower  specific  gravity  than  sodium  chloride  (Goethard  and  Hensius,  quoted 
by  Krogh  ^■*'0-  This  salt  is  probably  ammonium  chloride,  which  is  ionic  at 
the  remarkably  low  pH  of  3.0  in  the  cytoplasm.  "-  When  Noctihica  is  put 
into  diluted  sea  water  it  swells  and  finally  bursts  at  concentrations  correspond- 
ing to  a  specific  gravity  between  1.007  and  1.012.  ^*^     Thus  the  only  adapta- 


tion  tending  to  keep  the  cell  isotonic  is  water  exchange.  We  shall  consider  the 
role  of  the  contractile  vacuole  in  marine  Protozoa  later. 

Several  gregarines  from  the  gut  of  mealworms  swell  and  shrink  according 
to  the  tonicity  of  the  medium." '  The  gregarines  have  a  high  content  of 
glycogen,  which  may  cause  as  much  as  70  to  80  per  cent  of  their  volume  to 
be  osmotically  inactive. 

The  organisms  which  have  been  most  studied  in  respect  to  their  ability  to 
swell  or  shrink  in  changing  tonicity  are  the  eggs  of  marine  invertebrates, 
particularly  echinoderms  and  annelids.  In  general,  when  the  volume  of  a 
marine  invertebrate  egg  is  measured  in  different  dilutions  and  concentrations 
of  sea  water  the  cell  is  found  to  be  a  good  osmometer,  that  is,  it  follows  Boyle's 
law  over  a  narrow  range:  pressure  (P)  X  volume  (V)=ra  constant  (K), 
(PV=:K).  In  very  dilute  sea  water  it  does  not  swell  as  much  as  would  be 
expected  if  it  followed  the  gas  laws  in  proportionality  of  volume  and  pressure 
(Fig.  3).  The  explanation  ^^^  of  this  deviation  seems  to  be  that  a  certain 
portion  of  the  cell  volume  is  osmotically  inactive  and  thus  does  not  take  up 
water.  Large  protein  and  fat  molecules,  together  with  bound  water,  are 
osmotically  insignificant,  yet  occupy  a  much  greater  relative  volume  than  in- 
organic salts.  When  a  correction  is  made  for  this  osmotically  inactive  volume 
(b)  and  the  corrected  osmotically  active  volume  (V  -  b)  is  plotted  against 
external  pressure,  the  gas  laws  as  applied  to  dilute  solutions  are  obeyed  (Fig. 
3).  The  osmotically  inactive  volume  --^  is  7.3  per  cent  of  the  initial  cell 
volume  in  unfertilized  Arbacia  eggs,  27.4  per  cent  in  fertilized  eggs.  ^-^ 
Isolated  nuclei  of  Arbacia  eggs  conform  better  to  the  gas  laws;^^  the  osmo- 
tically inactive  volume  is  negligibly  small. 

A  second  explanation  of  the  failure  of  cells  to  swell  as  much  as  predicted  in 
dilute  media  might  be  leakage  of  salt.,  i.e.,  failure  of  the  semipermeable  nature 
of  the  membrane.  Salt  leakage  apparently  does  not  occur  or  is  negligible  over 
the  range  of  rapid  reversible  changes,  but  it  may  be  important  in  extreme 
dilutions,  where  injury  occurs.  PermeabiHty  to  salt  is  very  low  in  most  devel- 
oping aquatic  embryos.  ^^^ 

In  Protozoa  which  lack  contractile  vacuoles  and  in  marine  eggs,  then,  the 
rate  of  gain  or  loss  of  water  is  sufficiently  great  to  provide  a  simple  method  of 
adjustment  to  changing  external  concentration. 

Multicellular  Animals.  Osmotic  adjustment  by  volume  change  is  also 
shown  by  the  marine  sipunculid  worm,  Phascolosoma,  whose  body  surface 
behaves  like  a  semipermeable  membrane.  This  worm  is  able  to  survive  indefi- 
nitely in  concentrated  (160  per  cent)  sea  water.  «  Approximately  23  per  cent 
of  the  body  volume  of  Phascolosoma  is  osmotically  inactive.  The  body  weight 
decreases  or  increases  rapidly  on  transfer  to  a  medium  of  different  tonicity  and 
reaches  equilibrium  in  2  to  8  hours.  On  return  to  normal  sea  water  after 
hydration  or  dehydration,  the  original  volume  is  reached  in  a  few  hours. 
The  rate  at  which  water  enters  exceeds  the  rate  at  which  it  leaves.  Apparently 
there  is  little  or  no  salt  transfer  because  the  volume  of  the  animal  remams  high 
or  low,  according  to  the  concentration  of  the  medium,  for  several  days.  When 
salt  solutions  are  injected,  similar  volume  changes  occur  correspondmg  to  the 
concentrations  injected;  some  days  later  there  is  a  tendency  for  body  volume  to 
return  toward  normal,  indicating  that  there  may  be  a  very  slow  and  delayed 
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salt  movement.  Under  ordinary  conditions,  then.  Phascolosoma  behaves  like 
an  osmometer  and  shows  no  volume  regulation.  It  is  probable  that  Sipimculns 
behaves  similarly.  ■^•' 
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Fig.  4.  Percentage  change  in  volume  of  four  molluscs  when  transferred  at  zero  hours  to 
the  dilutions  of  sea  water  indicated.  Ouchidium  changed  from  10  per  cent  to  50  per  cent 
sea  water  and  Aplysia  from  75  per  cent  to  100  per  cent  sea  water  at  time  indicated  by 
arrows.  Two  patterns  of  response  of  Aplysia  are  shown.  Ouchidium  data  from  Dakin  and 
Edmonds,"  Doris  and  Aplysia  data  from  Bcthe,''"  Mytilus  from  Maloeuf.'"" 


The  polychaetes,  Arenicola  marina,  Nereis  pelaoica,  and  Nereis  cidtrifera, 
show  osmotic  lability  and  some  swelling  in  dilute  media.  The  following  data 
-^•*  (also  Fig.  6)  show  that  Arenicola  adjusts  in  osmoconcentration  to  its 
medium  both  in  its  natural  habitat  and  in  the  laboratory: 


Ao 
0.29 

0.75 
1.72 


Ai 

0.28-0.30 
0.76-0.77 
1.70 


Habitat 
experimental 
Kiel  Canal 
Helgoland 


Thus  Arenicola  must  be  able  to  sur\ive  considerable  dilution  of  its  tissues. 
The  sodium  chloride  content  of  the  blood  of  both  Sipuncitlus  and  Arenicola 
is  nearly  the  same  as  that  of  sea  water,  and  since  both  organisms  are  isotonic 
with  the  ocean  the  organic  solutes  must  be  \ery  dilute.  "- 

Several  molluscs  also  show  little  or  no  volume  regulation  (Fig.  4).  The 
nudibranch  Doris  swells  rapidly  in  a  dilute  medium,  and  remains  swollen  for 
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at  least  24  hours,  although  there  may  be  a  slight  volume  decrease  at  48  hours 
(Fig.  4).  Chloride  concentration  in  the  animal  fell  by  16  per  cent  in  the  same 
time.  ■''  Another  gastropod,  Onchidhtin,  shows  similar  swelling.  "  In  a 
mixture  of  one-third  sea  water  and  two-thirds  isotonic  sucrose  the  volume  fell 
by  33  per  cent  in  14  hours;  this  shows  that  salt  can  be  lost.  However,  Onchidi- 
um  regained  its  original  weight  when  returned  to  sea  water  from  dilute  sea 
water,  hence  salt  loss  must  have  been  negligible.  Doris  and  Onchidhini  show 
practically  no  volume  regulation  within  a  period  of  a  day. 

MytUiis  ednlis  is  a  bivalve  which  can  live  in  a  wide  salinity  range.  The 
hemolymph  of  Mytiliis  edidis  adjusts-^-'  to  the  medium  as  follows: 

Ao  Ai 

0.94  0.95 

0.77  0.77 

037  0.35 

Osmotic  adjustment  occurred  in  Mytihis  in  sea  water  diluted  by  25  to  41  per 
cent,  although  the  hemolymph  did  not  become  diluted  proportionately  when 
the  sea  water  concentration  was  reduced  by  70  per  cent.  ''^  If  the  valves  are 
open,  Mytdiis  gains  weight  in  a  hypotonic  medium  and  shows  no  tendency  to 
return  to  its  original  volume  during  50  hours  (Fig.  4).  '"^  However,  if  the 
valves  are  closed  the  weight  is  unchanged;  "''^  in  Vemts  with  valves  closed  no 
dilution  of  the  blood  occurs  during  many  days  in  h\potonic  sea  water.  ^^  The 
chloride  concentration  decreases  in  Mytihis  in  dilute  sea  water  and  increases 
in  concentrated  sea  water  "^  along  a  curve  similar  to  that  of  the  volume 
change.  ^''^  In  52  per  cent  sea  water  weight  increased  by  25  per  cent;  at  the 
same  time  the  total  tissue  chloride  content  decreased  by  44  per  cent  and  the 
total  water  content  increased  by  18  per  cent.  "^  Krogh  ^^^  reported  similar 
changes  in  water  and  chloride  content  in  76  per  cent  sea  water,  but  in  30  per 
cent  sea  water  he  reported  an  increase  of  about  32  per  cent  in  water  content 
and  a  decrease  of  71  per  cent  in  chloride  content  of  hemolymph.  Unfortunate- 
ly, data  on  weight,  osmotic  concentration,  and  chloride- are  not  available  for 
the  same  individuals,  but  evidently  Mytilus  adjusts  to  its  medium  osmotically, 
part  of  the  change  being  by  water  uptake  or  loss  and  a  larger  part  by  chloride 
loss  or  uptake,  the  chloride  loss  or  gain  occurring  at  approximately  the  same 
rate  as  the  water  exchange,  body  volume  being  incompletely  regulated. 

The  holothurian,  Caiidina,  swells  in  dilute  sea  water  and  shrinks  when 
transferred  from  dilute  to  normal  sea  water.  ^■'•'  The  \olume  change  in  each 
transfer  is  less  than  half  the  value  predicted  if  the  body  wall  were  semiperme- 
able. Actually  chloride  is  transferred  in  and  out,  but  the  rate  of  water  ex- 
change is  greater  than  that  of  the  gain  or  loss  of  chloride,  and  volume  changes 
persist. 

Osmotic  Adjustment  with  Volume  Regulation.  Many  marine  invertebrates 
adjust  osmotically  to  the  concentration  of  the  medium,  but,  in  addition  to  gain 
or  loss  of  water,  they  also  gain  or  lose  salts  so  that  the  body  volume  is  kept 
relatively  constant. 

The  blood  concentration  of  those  marine  molluscs  which  have  been  exam- 
ined is  equal  osmotically  to  the  concentration  of  their  medium.  Bethe"*-*-  ^^-  -^^ 
studied  weight  and  ionic  changes  of  the  gastropod,  Aplysia.  On  transfer  to 
dilute  sea  water  the  weight  rises  at  first  (Fig.  4),  as  water  is  taken  up,  and 


14  Comparative  Anhnal  Physiology 

then  falls  as  salt  is  lost  and,  with  it,  water.  As  much  as  37  per  cent  of  the 
body  salt  may  be  lost.  After  equilibrium  is  approached  at  a  new  low  level, 
often  below  the  original  weight,  return  to  100  per  cent  sea  water  causes  loss 
in  weight  because  the  normal  sea  water  is  now  hypertonic.  By  ligating  the 
mouth  it  is  shown  that  the  body  surface  of  Aplysia  is  permeable  to  both  water 
and  salts. 

The  echinoderms  are  an  entirely  marine  group  and  are  adapted  osmotically 
to  the  ocean.  Indeed,  in  all  except  holothurians  the  ambulacral  fluid  is  very 
similar  to  sea  water.  The  body  fluid  of  Asterias  freezes  at>the  same  temperature 
as  the  sea  water  and  becomes  dilute  when  the  starfish  is  put  into  dilute  sea 
water.  ^^  In  50  per  cent  sea  water  ^^°  starfish  increased  in  weight  by  about 
25  per  cent  in  8  hours,  but  returned  nearly  to  the  original  weight  in  24  hours. 
Starfish  from  the  North  Sea  were  unable  to  survive  in  50  per  cent  sea  water, 
but  animals  from  the  brackish  Kiel  Canal  survived  in  greater  dilutions.  -^^ 
Echinoids  have  left  the  Baltic  because  of  its  low  salinity.  ^'  Echinoids  and 
asteroids,  because  of  their  exoskeleton,  are  unable  to  swell  as  much  as  the 
soft-walled  animals  such  as  Aplysia,  hence  volume  changes  are  limited  and  the 
animals  must  lose  some  salt  to  a  hypotonic  medium.  ^~' 

Osmotic  Adjustments  by  Cnidaria  and  by  Ascidians.  The  osmotic  concen- 
tration of  jellyfish  has  been  measured  by  both  freezing  point  and  by  vapor 
pressure  methods;  jellyfish  are  composed  of  only  3  to  5  per  cent  solids  ^^'^  and 
have  the  same  or  very  nearly  the  same  osmotic  concentration  as  the  ocean. ^'•*' 
46,  47,  73,  74  ^ftgj-  35  fiours  in  75  per  cent  sea  water  the  jelly  disc  of  Cyanea 
diff^ered  in  concentration  from  the  medium  by  a  negligible  amount.  ^^  Some 
corals  and  ctenophores  tolerate  a  20  per  cent  reduction  in  salinity.^ ^^'  ^^^ 

The  blood  of  an  ascidian  (Ascidia  mentula)  is  approximately  isotonic  with 
the  ocean,  ^^  although  the  body  fluid  of  Molgtila  is  slightly  hypotonic  and 
its  renal  fluid  hypertonic  to  sea  water.  ^^ 

In  summary,  some  marine  invertebrate  eggs  and  some  marine  and  parasitic 
Protozoa  and  worms  such  as  Phascolosonia  are  true  osmometers  when  allow- 
ance is  made  for  osmotically  inactive  volume.  They  swell  and  shrink  and  show 
no  salt  exchange  over  periods  of  many  hours;  they  show  neither  volume  nor 
osmotic  constancy.  Numerous  others,  e.g.,  Nereis  pelagica  and  N.  czdtrifera, 
Doris,  Onchidium,  the  holothurian  Candina,  and  Mytilus,  likewise  remain 
swollen  in  dilute  sea  water.  The  amount  of  swelling  is  greater  in  some  (Doris) 
than  in  others  (Mytilus);  when  the  swelling  is  considerably  less  than  the 
amount  predicted  osmotically,  salt  may  have  been  lost.  Finally,  many  animals 
such  as  Aplysia,  and  to  a  less  extent  Asterias,  swell  initially  in  a  dilute  medium 
and  then  shrink  as  salt  is  lost;  they  regulate  their  volume  while  changing  their 
concentration.  The  regulation  of  volume  and  that  of  osmotic  concentration 
may,  therefore,  be  separate  functions. 

OSMOTIC  REGULATION  TO  THE  MEDIUM; 
HOMOIOSMOTIC  ANIMALS 

Simple  Types  of  Osmotic  Regulation:  Nereis  diversicolor.  Osmoregulation 
at  a  low  level  of  cfl'ectivcncss  is  shown  by  Nereis  diversicolor,  as  contrasted 
to  simple  adjustment  in  dilute  media  shown  by  N.  pelagica  and  N.  cultrifera. 
Due  to  its  regulatory  ability  N.  diversicolor  is  able  to  live  in  brackish  water 
(0.4  per  cent  salinity),  whereas  N.  pelagica  is  restricted  to  the  open  sea.  ^^^ 
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When  transferred  from  100  per  cent  to  dilute  sea  water,  the  weight  of  N. 
diversicolor  rises  to  a  maximum  and  then,  in  contrast  to  N.  cultrifcra,  falls  in 
20  hours  to  a  steady  level,  slightly  higher  than  its  weight  in  normal  sea  water 
(Fig.  5,  curve  C)-"''  "''^  The  concentration  of  body  fluids  follows  a  curve 
inverse  to  the  weight  curve  (Fig.  5,  curve  A),  but  the  body  Huids  remain  more 
concentrated  than  the  dilute  medium.  Specimens  have  been  kept  for  two 
weeks  in  good  condition  in  fresh  water.  -'•'*  Figure  6  shows  that  N.  diversi- 
color, in  contrast  to  N.  pelagica,  remains  hypertonic  in  dilute  sea  water  but  is 
unable  to  maintain  the  same  concentration  in  a  dilute  medium  that  it  had  in 
normal  sea  water.  Its  concentration  curve  steadily  declines  on  tbe  dilute  side, 
i.e.,  it  does  not  flatten  as  does  the  curve  of  very  successfully  regulating  animals. 
In  order  to  carrv  out  active  osmoregulation,  work  must  be  done.   Schlieper 
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Fig  5  Weight  changes  observed  (curve  C)  and  calculated  as  it  there  were  no  salt 
loss  or  excretion  (curve  B);  body  fluid  concentration  (curve  A);  in  Nerds  chverstcolor 
in  50  per  cent  sea  water  from  zero  hours.   From  Beadle."" 

213  observed  an  increase  of  8  to  17  per  cent  in  oxygen  consumption  of  N. 
diversicolor  in  dilute  sea  water,  but  after  an  hour  the  oxygen  consumption  was 
reduced  Beadle--^-  -'^  attributed  the  initial  increase  in  respiration  rate  to 
muscular  resistance  to  swelling.  However,  in  0.001  M  potassium  cyanide  or  m 
anaerobic  conditions,  osmotic  regulation  breaks  doun  and  the  weight  curve 
approaches  that  of  N.  cidtrifera.  ,  ,       ..-    ,-.•    t  i 

Calcium  is  important  in  regulating  salt  intake  and  loss.-"  "  In  normal 
20  per  cent  sea  water  the  weight  initially  increases,  then  recwers  (Fig.  /, 
curve  B),  whereas  in  20  per  cent  sea  water  free  of  calcium  the  worm  remains 
swollen  (Fig  7  curve  A).  Also  a  worm  which  has  become  adjusted  to  normal 
20  per  cent  sea  water  gains  weight  rapidly  when  transferred  to  sea  water  of 
the  same  dilution  but  lacking  calcium.  No  such  water  reabsoiTUon  occurs 
when  the  water  lacks  sodium,  potassium,  or  magnesium.    When   a  worm 
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adjusted  to  20  per  cent  sea  water  was  put  back  into  100  per  cent  sea  water 
there  was  water  loss  and  salt  intake  so  that  the  worm  soon  had  only  80  per 
cent  of  the  weight  it  initially  had  in  100  per  cent  sea  water.  By  repeated 
transfer  from  100  per  cent  to  20  per  cent  sea  water  and  back,  the  weight  in 
100  per  cent  sea  water  could  be  reduced  to  half.  This  indicates  that  water  is 
transferred  more  rapidly  than  salt.  The  ratio  of  chloride  output  to  water  intake 
in  20  per  cent  sea  water  is  nearly  double  the  ratio  of  the  exchanges  in  100  per 
cent  sea  water,  hence  swelling  is  much  less  than  in  N.  cultrifera,  where  the 


Fig.  6.  Freezing  point  of  body  fluids,  Ai^Oi  Nereis  diversicolor,  •,  Arenicola  marina, 
and  +,  N.  pelagica;  animals  adapted  to  dilutions  of  sea  water  indicated  by  freezing 
points,  Ao.   Data  from  Schlieper."" 

chloride  loss  is  very  slow.  Whether  the  avenue  of  chloride  loss  is  through  the 
nephridia  or  not  is  unknown. 

Several  mechanisms  favor  osmoregulation  in  N.  diversicolor.  The  permea- 
bility of  the  skin  is  important  in  volume  regulation.  Calcium  decreases  the 
skin  permeability  to  water  and  thus  prevents  a  continued  rise  in  volume.  Body 
wall  contraction  opposes  swelling.  After  an  initial  increase  the  volume  de- 
creases as  chloride  is  lost  and  hypertonicity  is  maintained;  this  must,  as  Krogh 
points  out,  necessitate  the  elimination  of  hypotonic  fluid,  possibly  by  way  of 
nephridia,  and  is  an  active  process  requiring  energy.  There  may,  in  addition, 
be  active  salt  absorption  from  the  dilute  medium.   The  mechanism  of  osmo- 
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regulation  is  less  well  developed  than  that  of  \olume  regulation.  Morphologi- 
cal evidence  tor  a  mechanism  ol  salt  reabsorption  in  the  nephridia  is  sum- 
marized by  Jiirgens,  ^-"'  who  shows  that  the  nephridial  canal  oF  N.  diversi- 
color  is  long  and  coiled,  pro\'iding  ample  epithelium  for  reabsorption,  whereas 
the  nephridium  of  N.  ciiltrifera  is  a  simple  sac  (Fig.  8). 

It  is  likely  that  Neanthes  virens  behaves  much  like  Nereis  diversicolor.  Data 
on  blood  concentration  are  not  available,  but  studies  have  shown  that  on 
transfer  to  20  per  cent  sea  water  weight  initially  increased  and  then  slowly 
declined;  when  the  worms  were  replaced  in  100  per  cent  sea  water  the  weight 
went  below  the  original  level.  -^^  When  transferred  through  gradual  stages 
of  salinity,  Neanthes  virens  could  eventually  live  for  14  days  in  12.5  per 
cent  sea  water.  A  significant  increase  in  oxygen  consumption  occurred  in  N 
virens  transferred  to  dilute  solutions;  ^^^    the  weight  remained  constant  with 
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Fig.  7.  Weight  changes  as  per  cent  of  initial  weight  in  Nereis  diversicolor  when  trans- 
ferred from  100  per  cent  sea  water  to  normal  20  per  cent  sea  water  (curve  B);  or  to  20 
per  cent  sea  water  lacking  calcium  (curve  A),  calcium  added  to  20  per  cent  sea  water 
at  arrow.  From  Ellis."* 

dilution  until  the  animals  were  in  about  16  per  cent  sea  water,  when  weight 
increased  and  oxvgen  consumption  dechned. 

Among  the  marine  worms  there  are  several  levels  of  osmotic  function. 
Phascolosoma,  Sipuncidus,  and  probably  Nereis  cuUrifera  adapt  in  body  con- 
centration bv  swelling  and  do  not  shrink  during  at  least  a  day  in  dilute  sea 
water.  Nereis  pelagica  also  changes  in  concentration  but  loses  a  little  salt  so 
that  there  is  slight  volume  regulation.  Nereis  diversicolor  and  probably 
Neanthes  virens  show  a  limited  regulation  of  both  body  concentration  and 

volume. 

Parasitic  Worms.  Parasitic  worms  are  usually  assumed  to  be  at  osmotic 
equilibrium  with  host  tissues.  Intestinal  parasites  may  be  subjected  to  con- 
siderable variations  in  medium  from  time  to  time.  The  coelomic  Huid  ot 
Ascaris  megalocephala  and  the  tissues  of  A.  hnnhricoides  are  isotonic  or  slight- 
ly hvpotonic  to  the  intestinal  fluid  in  which  the  worms  live.  "'     Cestodes 
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from  mammals  and  from  fresh-water  and  marine  fishes  are  also  isotonic  with 
or  slightly  hypotonic  to  host  tissues.  However,  the  concentration  of  the  trema- 
tode  Fasciola  hepatica  was  40  per  cent  greater,  as  judged  by  freezing  point, 
than  that  of  the  bile  of  the  host.  -^^  Ascaris  in  hypotonic  solutions  decreased 
rapidly  in  internal  concentration;  the  worms  swelled  in  dilute  and  shrank  in 
hypertonic  solutions.  Volume  changes  were  initially  rapid,  but  the  curves 
leveled  at  6  to  10  hours  and  there  was  no  tendency  to  return  to  original  vol- 
umes in  18  hours.  The  body  wall  is,  therefore,  permeable  to  water.  Maximum 
volume  changes  were  about  50  per  cent;  the  osmotically  inactive  volume  of  the 
worm  is  probably  large,  but  certainly  the  volume  changes  are  less  than  if  there 
were  no  regulation.  Failure  of  recovery  in  hypotonic  media  indicates  that 
there  is  Httle  or  no  salt  loss.  It  is  likely  that  in  a  dilute  medium  the  excretory 
organs  are  getting  rid  of  water.  The  acanthocephalan,  N eoechinorhynchus 
imydis,  from  the  intestine  of  turtles  is  normally  flat  and  wrinkled  but  it  be- 
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Fig.  8.  Drawings  of  nephridia  of  Nereis  dh'ersicolor  (A),  and  of  N.  cultrifera  (B). 
Modified  from  Jiirgens.'"^ 

comes  swollen  and  turgid  in  saHnities  of  less  than  0.85  per  cent  sodium  chlo- 
ride. 235 

In  Cysticercus  tenuicollis,  a  cestode  larva  from  the  abdominal  cavity  of 
sheep,  volume  changes  are  small  (20  per  cent  swelling  in  a  medium  of  one- 
fourth  the  normal  concentration),  but  as  in  Ascaris  there  is  no  tendency  to 
return  to  the  original  weight  during  approximately  a  day  in  dilute  or  hyper- 
tonic media.  --^  Freezing  point  measurements  show,  however,  that  Cysti- 
cercus has  considerable  osmoregulating  ability,  maintaining  itself  hypertonic 
in  dilute  media  and  hypotonic  in  concentrated  media.  Schistocephalns,  a  fish 
tapeworm,  has  an  osmotic  concentration  similar  to  that  of  the  host  (Af.i).= 
0,44);  the  worms  maintain  constant  weight  in  0.75  per  cent  sodium  chloride 
solution  but  gain  in  more  dilute  and  lose  in  more  concentrated  solutions.  --** 
More  accurate  data  are  needed  regarding  the  salt  and  water  exchange  and  the 
osmotic  concentration  of  various  parasitic  worms  with  and  without  excretory 
organs.  It  is  probable  that  many  degrees  of  regulation  will  be  discovered 
among  them. 

Osmotic  Regulation  by  Storage  of  Water:  Giinda  iilvae.    The  flatworm 
Gunda  idvae  lives  in  estuaries  at  the  intertidal  zone  in  England  and  may  be 
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alternately  exposed  for  several  hours  twice  each  day  to  completely  fresh  water 
and  then  to  relatively  undiluted  sea  water.  ''■'•'  In  Plymouth  soft  tap  water 
Gunda  swells  rapidly,  doubling  its  \olume  in  an  hour,  and  if  left  it  dies  within 
48  hours.  In  dilute  sea  water  or  in  stream  water  swelling  occurs  hut  is  much 
less  than  in  tap  water.  The  calcium  of  the  stream  water  lowers  the  permeabili- 
ty of  the  body  surface  to  water,  and  this  retards  swelling.  Addition  of  such 
substances  as  sodium  chloride,  sodium  bicarbonate,  or  glycerol,  to  distilled  or 
tap  water  does  not  retard  the  swelling.  -"'  In  dilute  solutions  not  only  is 
water  taken  up  but  salts  are  lost.  The  worms  lose  25  per  cent  of  their  body 
salts  while  imbibing  water  equivalent  to  their  initial  volume.  '"■'  In  fresh 
water  lacking  calcium,  as  in  distilled  water,  salt  loss  is  rapid  and  general 
cytolysis  occurs. 

When  Gunda  is  in  dilute  sea  water,  water  passes  osmotically  through  the 
ectoderm  to  the  parenchyma,  which  swells  during  the  first  hour.-'  Then  the 
water  collects  in  vacuoles  in  endodermal  cells  lining  the  gut,  and  the  body 
volume  remains  relatively  constant.  Thus  other  body  cells  are  kept  from 
becoming  diluted  and  normal  activities  of  the  worm  can  continue.  Here,  then, 
is  osmotic  regulation  by  storage  of  water  in  endodermal  vacuoles,  but  body 
volume  remains  high.  The  vacuoles  remain  as  long  as  the  worm  is  in  a  dilute 
medium.  Why  they  do  not  continue  to  grow  beyond  a  certain  size  is  not 
entirely  clear.  Beadle  cut  worms  behind  the  pharynx  and  found  that  the 
ectoderm  closed  over  the  wound,  thus  preventing  any  opening  to  the  exterior 
from  the  gut.  Such  posterior  ends  swelled  and  reached  equilibrium  size  in 
almost  the  same  manner  as  normal  worms  in  water  containing  calcium.  Thus 
the  water  must  normally  enter  through  the  ectoderm  and  cannot  leave  by  way 
of  the  gut.  Oxygen  consumption  is  greater  when  the  worms  have  reached 
equiUbrium  in  dilute  sea  water.  -^  Also,  in  anaerobic  conditions  or  in  the 
presence  of  cyanide,  swelling  is  greater  than  in  normal  aerobic  conditions. 
Beadle  thinks  that  the  active  process  which  occurs  on  adjustment  at  a  given 
volume  is  due  to  energy  expended  in  decreasing  permeability  of  the  ectoderm, 
although,  as  Krogh  points  out,  Beadle  has  not  proved  that  the  excretory  organs 
are  not  used.  Also  energy  must  be  expended  by  the  gut  cells  to  keep  the 
vacuoles  dilute.  In  any  case,  Giinda  swells  in  fresh  water;  the  excess  water  is 
taken  up  by  vacuoles  in  the  gut  cells,  and  then  an  active  process,  either 
decreased  permeability  or  increased  excretion,  takes  over  to  prevent  further 
volume  increase,  and  even  allows  some  decrease  in  size. 

Osmotic  Regulation  by  Exclusion  of  Water.  The  eggs  of  marine  inverte- 
brates swell  and  shrink  to  correspond  with  changes  in  the  medium.  The  eggs 
of  marine  teleosts  are  hypotonic  to  sea  water,  whereas  all  fresh-water  eggs  are 
hypertonic  to  their  medium.  Osmotic  relations  of  embryos  have  been  discussed 
by  Needham,!^*'-  ^"  and  by  Krogh.^^-^ 

The  egg  of  the  killifish,  Fundidiis,  is  normally  more  dilute  than  its  marme 
medium.  '''-  These  eggs  are  hvpertonic  in  dilute  and  hypotonic  in  concen- 
trated media,  isotonicitv  occurring  at  about  Af,>.=0.76°.  Such  small  changes 
as  occur  in  diflferent  tonicities  are  attributed  to  adsorption  by  the  outer  mem- 
branes, 152  and  permeabilitv  to  water  is  very  low.  Eggs  of  the  plaice  show 
limited  permeabilitv  to  both  water  and  chloride.  '''  Krogh  found  that  the 
extra-embryonic  fluid  of  Nerophis  was  in  equilibrium  with  sea  water  {^11 
mM),  whereas  the  embryo  was  much  more  dilute  (180  mM). 
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The  eggs  of  fresh-water  fish  take  up  a  httle  water  during  the  first  1  to  6 
hours  after  oviposition,  but  thereafter  they  are  impermeable  to  water.^^'''  i''"* 
Oxygen  can  penetrate  eggs  which  are  impermeable  to  water  and  salts.  The 
barrier  which  keeps  water  from  entering  the  embryo  is  the  vitelline  membrane, 
the  shell  or  chorionic  membrane  being  freely  permeable. ^''^  -^^  Impermea- 
bihty  of  the  vitelline  membrane  is  maintained  unless  the  membrane  is  injured 
or  calcium  removed  from  the  medium.  ^■' 

Eggs  of  Daphnia  (data  of  Przylecki,  quoted  by  Krogh^^'O  and  of  Limnea 
stagnalis-^'  are  permeable  to  water  and  swell  considerably  (45  per  cent, 
Limnea')  during  the  first  few  hours  after  oviposition.  Similarly  frog  eggs  are 
initially  permeable  to  water  and  then  much  less  permeable.  The  osmotic  con- 
centration falls  from  about  120  mM  at  the  time  of  laying  to  80  mM  by  the 
time  the  blastopore  closes,  because  of  water  uptake.  ^-^^  In  the  tail-bud  stage 
osmotic  concentration  again  increases,  owing  primarily  to  accumulation  of 
organic  products.  After  hatching,  the  embryos  can  grow  for  a  time  by  water 
uptake;  chloride  absorption  begins  as  soon  as  external  gills  are  present. 

The  exceedingly  low  or  negligible  permeability  of  the  vitelline  membrane 
of  many  eggs  protects  the  embryos  against  osmotic  stresses  until  normal  osmo- 
regulatory mechanisms  can  function. 

AN  INVASION  OF  FRESH  WATER,  LAND,  AND  SALT  LAKES: 
CRUSTACEA 

Crustacea  occur  in  water  of  a  wide  range  of  salinities,  from  the  most  dilute 
fresh-water  ponds,  through  all  degrees  of  brackishness,  to  the  ocean,  which  is 
a  3.5  per  cent  salt  solution,  and  even  in  salt  lakes  of  some  22  per  cent  salt  con- 
centration. Crustacea  are  of  marine  origin  and  have  invaded  fresh  water  at 
numerous  times  and  places.  In  fact,  some  forms  seem  to  be  on  their  way  from 
ocean  to  fresh  water  at  present.  By  comparing  Crustacea  of  different  osmotic 
capacities  it  is  possible  to  picture  the  changes  which  have  made  possible  their 
distribution  and  to  predict  which  groups  are  likely  to  venture  into  new  con- 
ditions of  salinity. 

The  Crustacea  can  be  arranged  in  a  series  with  respect  to  osmotic  capacities. 
The  following  seven  groups  are  distinguished  by  their  habitats  and  the  respon- 
ses of  their  blood  concentration  to  changes  in  the  concentration  of  the  medium 
(Figs.  10,  12,  13,  14): 

1.  Animals  limited  to  sea  water,  sometimes  called  stenohaline;"^  they  show 
no  osmoregulation  when  put  into  dilute  sea  water,  but  they  do  show  volume 
regulation.  Example:  Alaja. 

2.  Crabs  which  regulate  their  osmotic  concentration  to  a  limited  degree  and 
are  therefore  able  to  venture  into  slightly  brackish  water.  Examples:  Cancer 
and  Eriphia. 

3.  Animals  which  regulate  better  in  dilute  sea  water  and  are  common  in 
regions  of  the  shore  near  where  fresh-water  streams  empty  (euryhaline'^). 
Their  body  fluids  are  adjusted  to  the  medium  in  high  concentrations  and 
become  regulated  by  remaining  hypertonic  in  low  concentrations.  Examples: 
Carcinus  and  Hemigrapsiis. 

*  The  terms  stcnohaline  and  euryhaline  refer,  respectively,  to  animals  tolerating  only 
slight  changes  in  sahnity  and  to  animals  tolerating  considerable  dilution.  Since  all  degrees 
of  intcrgradation  occur,  the  terms  are  of  httle  practical  value. 
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4.  Highly  regulating  crabs  which  not  only  maintain  a  state  of  hypertonicity 
in  dilute  sea  water  but  also  regulate  in  a  medium  more  concentrated  than 
normal  sea  water  by  keeping  their  blood  more  dilute  than  the  medium.  They 
may  live  in  very  dilute  brackish  water  and  many  go  onto  land.  Such  regula- 
tion in  both  high  and  low  concentrations  is  shown  by  Ilea  crcniilatn,  llelue- 
cius,  and  Palaemonetes. 

5.  Animals  with  ability  to  maintain  hypotonicity  in  concentrated  and  hyper- 
tonicity in  dilute  media  to  such  an  extent  that  they  can  live  indcfmitciy  in 
either  the  ocean  or  pure  fresh  water.  For  example,  Eriocheir  breeds  in  the 
ocean  but  migrates  up  European  rivers  where  it  grows  to  maturity. 

6.  Strictly  fresh-water  crustaceans  which  do  not  return  to  the  ocean.  Exam- 
ples: crayfishes  and  fresh-water  microcrustacea. 

7.  Animals  adapted  to  salinities  greater  than  that  of  the  ocean.  E.xample: 
the  brine  shrimp,  Artemia. 

No  Osmoregulation:  Marine  Crabs.  Maja  is  a  marine  spider  crab  which 
survives  only  a  few  hours  in  sea  water  diluted  by  more  than  about  20  per 
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Fig.  9.  Percentage  increase  in  weight  in  crabs  transferred  to  dilute  sea  water  at  zero 
hour.  O.  Maja  in  75  per  cent  sea  water,  ▲,  Carciniis  in  75  per  cent  sea  water  (Schwabe 
-");  •,  Portunas  in  66  per  cent  sea  water;  (§),  Cancer  in  66  per  cent  sea  water  (Hukada 

-). 

cent.  ---     Maja  araneiis,  Maja  hnfo,  and  Hyas  araneiis  are  usually  taken  at 
an  ocean  depth  of  15  to  100  fathoms.  -^^' 

Maja  placed  in  diluted  (80  per  cent)  sea  v\atcr  first  swelled  but  within  3 
hours  the  weight  decreased,  owing  to  loss  of  salt  and  accompanying  water 
(Fig.  9).  ---  By  the  time  the  weight  was  back  to  normal  the  concentration  of 
the  blood  was  the  same  as  that  of  the  medium  (Fig.  12).  The  rate  of  water 
intake  was  initially  greater  than  the  rate  of  salt  loss.  Con\ersely,  when  Maja 
was  put  into  a  more  concentrated  medium,  salt  was  taken  up  and  the  body 
fluids  again  became  adjusted  to  the  external  concentration  (Fig.  11).  -^^ 
Maja  rapidly  comes  into  isotonic  equilibrium  with  a  dilute  medium  (Fig.  10, 
curves  C  and  D). 
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Even  at  equilibrium  Maja  forms  2  to  2.5  ml.  of  urine  per  hour,  or  the 
equivalent  of  3  per  cent  of  its  body  weight  in  24  hours.  ^^  In  dilute  sea  water 
Maja  becomes  sluggish  and  its  metabolism  actually  falls  as  its  blood  becomes 
dilute.  ---  When  the  blood  is  isotonic  with  the  medium  the  water  excreted 
cannot  have  entered  osmotically  and  it  is  likely  that  water  is  actively  absorbed 
and  excreted  in  the  process  of  ionic  regulation.  -^^ 

Numerous  other  marine  crabs  behave  similarly— Paiinwras  vulgaris  (Fig. 
12),^-  Portunas  puher,^'^^^-  ^^^  Portunas  depurator  (Fig.  10,  curve  E;  Fig, 
12),  ^^^  Cancer  antennarius,  Lophopanopeiis  heathii,  ^peocarcinus  calif orn- 
iensis,  ^-^  Hyas  aranea  (Fig.  12),  '^^'^  and  Pagurus  longicarpus.  ^""  When 
Hyas  aranea  is  put  into  a  mixture  of  sea  water  and  isotonic  sugar,  ^^^  there 
is  a  brief  rapid  weight  loss  and  then  a  slow  rise  in  weight;  thus  salt  is  lost  more 
rapidly  than  sugar  can  enter. 


A, 


- 

ZA 

- 

2.3 

~ 

2.0 

iK. 

■^ 

— — o— 

1.8 

1.6 

1 

^ 

^^-^ 

1.4 

,^ 

1.2 

— 



~ — -. 

1.0 

Mill 

M  M  1  1  1 

1  1  M  11  II 

1  1  1  II  M 

MINI 

1    1    M    1    1    1    II 

1  1  1  1  1  1  1  1 

0  4  8  12  16         20         24         28         32         36         40         44         48 

HOURS     IN     DILUTE      S.W. 

Fig.  10.  Blood  concentrations  as  freezing  points  (aO  of  several  marine  Crustacea  after 
transferring  to  dilute  sea  water  at  time  0.  (A)  Carcinus  from  Ao=2.33  to  Ao=1.33. 
(B)  Carcinus  from  Ao=2.2  to  A«=1.07.  (C)  Maja  from  Ao=2.2  to  Ao=1.54.  (D) 
Maja  from  A..=2.33  to  Ao=1.33.  (E)  Portunas  from  A"=2.1  to  Ao=1.07.  Data  for 
curves  (A)  and  (D)  from  Schwabe;"-  data  for  curves  (B),  (C),  and  (E)  from  Mar- 
garia.^"** 


An  interesting  variant  of  an  osmolabile  crustacean  is  Lemaeocera  hranch- 
ialis,  a  copepod  parasitic  on  codfish.  The  fish  blood  is  hypotonic  (equivalent 
to  1.443  per  cent  sodium  chloride),  and  while  the  copepod  is  attached  to  its 
host  it  also  is  hypotonic  to  the  sea  water  (equivalent  to  2.0  to  2.8  per  cent 
sodium  chloride),  but  when  separated  from  the  host  it  becomes  isotonic  with 
the  sea  water  (3.5  per  cent  saline).  ^^- 
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Fig.  12.  Blood  concentrations  (A.)  of  several  marine  Crustacea  as  ^  function  of 
e-xternal  concentrations  (Ao).  Data  for  Carcinus:  9  (Schlieper  ),  D  CNagei  ;  O 
(DuvaF),  ■  (Bateman^");  Maja:  C  (Duval'^,  V  (Schwabe^^);  Pahnurus:  D  (Duval  ); 
Portunas:  X  (Schwabe");  Hyas:  (g)  (Schlieper'-'O- 
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Limited  Osmoregulation :  Invaders  of  Brackish  Water.  Eriphia  spiniformis 
and  Pachygrapsus  mannorahis,  ---  Cancer  pagitriis  (Platycarcinus,  Fig.  13 
curve  E),  -^•^'  and  Cancer  magister,  Hemigrapsus  nudus  (Fig.  13,  curve  D), 
and  Hemigrapsus  oregonensis  (Fig.  13,  curve  B)  '--  show  a  slight  ability  to 
remain  hypertonic  in  dilute  sea  water  (Fig.  13,  curves  B  and  D;  Fig.  14,  curve 
E).  These  crabs  are  isotonic  or  nearly  so  in  sea  water  and  in  higher  concen- 
trations, and  hypertonic  but  not  constant  in  blood  concentration  in  increasing- 
ly dilute  media.  They  are  rock  crabs  occurring  along  the  shore,  sometimes  in 
tidal  pools.  One  important  factor  in  their  regulation  is  low  permeability  to 
water  and  salts.   Figure  9  shows  that  in  66  per  cent  sea  water  Cancer  swells 
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Fig.  13.  Blood  concentrations  (Ai)  as  a  function  of  external  concentrations  (Ao)  in 
several  Crustacea  which  are  labile  in  hypertonic  media  and  show  some  regulation  in 
hypotonic  media.  A  Pachygrapsus  crassipes;  •  Heniigrapsiis  oregonensis;  ■  Rhithro- 
panopeus  harrisii;  Q  Hemigrapstis  nudus.   Data  from  Jones.^"" 

less  than  does  Maja  in  75  per  cent  sea  water,  but  that  Cancer  recovers  more 
slowly  in  volume.  Hence  Cancer  is  less  permeable  to  both  water  and  salt.  In 
a  hypertonic  medium  (5.1  per  cent  salinity)  the  blood  of  Eriphia  reached  a 
concentration  equal  to  that  of  the  medium  only  after  72  hours,  whereas  Maja 
reached  the  same  concentration  as  the  medium  in  12  hours  (Fig.  11).  --- 

A  useful  method  for  investigating  salt  permeability  is  to  place  crabs  in  sea 
water  containing  small  amounts  of  iodine  and  to  measure  the  amount  taken 
up.  When  Cancer  was  bathed  in  sea  water  containing  0.5  per  cent  iodine,  the 
crab  took  up  0.35  to  0.48  mg.  iodine  /  cc.  of  blood  after  7  to  8  hours.  '^^  When 
the  intestine  was  plugged  the  uptake  was  the  same.  When  a  tube  containing 
0.75  per  cent  sodium  iodide  was  placed  on  the  surface  of  the  carapace.  Cancer 
took  up  in  50  hours  an  amount  corresponding  to  0.048  mg./cc.  of  blood. 
Hence  there  may  be  some  ionic  uptake  directly  through  the  shell  but  most 
of  the  exchange  is  across  the  gills.  The  poikilosmotic  crabs  Portiinas  and  Hyas 
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are  more  permeable  to  iodide  than  the  weakly  homoiosmotic  Cancer  (Fig. 
15).  '-^^  Investigations  of  salt  transfer  will  be  greatly  facilitated  by  the  use 
of  radioactive  tracers. 

The  fact  that  Cancer  swells  less  than  Maja  also  indicates  a  lower  permea- 
bility to  water.   Huf  ^^  ♦    fastened  a  tube  to  a  hole  in  the  carapace  of  Cancer 
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Fig.  14.  Blood  concentrations  (Ai)  as  a  function  of  external  concentrations  (Ao)  in 
a  series  of  crabs  which  regulate  in  both  hypertonic  and  hypotonic  media:  O  Heloecius 
(Edmonds"*);  3Uca  crenidata  (Jones'");  X  Eriocheir  (Scholles"'");  A  Leander  (Panik- 
kar"");  •  Palaemonetes  (Panikkar'"');  and  C  an  osmolabile  crab,  Cancer  (Duval""). 
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Fig.  15.   Ratio  of  iodine  in  the  blood  to  that  in  the  medium  after  two  and  a  half  hours 
in  sea  water  containing  Nal.  From  Nagel.'*' 


and  measured  the  rise  in  water  level  in  this  tube  when  the  crabs  were  put  into 
dilute  sea  water.  In  50  per  cent  sea  water  he  recorded  a  pressure  rise  of  1.16 
cm.;  in  crabs  with  kidneys  closed  the  pressure  rise  was  2.3  cm.  The  relation 
between  excretion  and  osmotic  stress  has  not  been  examined  in  this  group  of 
crabs;  it  would  be  of  interest  to  know  what  regulating  mechanism  fails  as  the 
medium  becomes  more  dilute. 
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Limulus,  an  arachnoid,  shows  some  regulation  of  osmotic  concentration.  It 
survives  for  a  week  or  two  in  dilutions  as  low  as  one-fourth  sea  water  but  dies 
in  one-eighth  sea  water.  One  Indian  species  occurs  in  brackish  water.  ^^'^ 
When  Linndus  was  transferred  from  a  medium  of  Ao=l-82  to  one  of 
Ao=l-02,  the  blood  concentration  reached  Ai=l-12  after  52  hours.^^  The 
marine  isopod  Mesidotea  also  appears  to  maintain  a  hypertonic  blood  in  dilute 
sea  water  but  to  adjust  to  the  external  medium  in  concentrations  greater  than 
its  normal  habitat.  ^^  » 

Osmoregulation  in  Dilute  Media :  Shore  Crabs.  The  shore  crab,  Carcimis, 
is  capable  of  considerable  osmotic  regulation  and  hence  is  found  in  more  dilute 
waters  than  any  of  the  previously  considered  crabs.  It  can  survive  indefinitely 
in  dilute  sea  water  of  Ao=^0-60.'"'-  C.  maenas  is  found  from  the  high-water 
mark  and  tidal  pools  out  to  depths  of  a  few  fathoms,  although  it  occurs  in  the 
Elbe  river  at  a  freezing  point  of  -0.682°.-^-  Figure  12  shows  that  in  ordinary 
and  in  concentrated  sea  water  Carcimis  changes  in  internal  concentration  and 
may  be  slightly  hypertonic,  but  that  in  dilute  sea  water  it  maintains  itself  with 
some  constancy  in  a  more  concentrated  condition.  ^~  In  brackish  water 
Carcinus  remains  hypertonic  by  as  much  as  two  times  the  external  concentra- 
tion. 

When  Carcinus  is  placed  in  a  dilute  medium  it  swells  hardly  at  all  (Fig. 
9).  '■^"  Yet  approximately  12  hours  is  required  for  the  blood  to  come  to  a 
constant  hypertonic  concentration  (Fig.  10,  curve  A).  ^^^  This  must  mean 
that  the  permeability  to  water  is  very  low.  Chloride  is  gradually  lost  from 
Carcinus  in  a  dilute  medium.  ^^^  In  50  per  cent  sea  water  the  crab's  weight 
increased  less  than  0.5  per  cent  in  2^2  hours.  ^^^  When,  however,  the  open- 
ings of  the  antennal  glands  (kidneys)  were  closed,  the  crabs  in  50  per  cent  sea 
water  gained  2.2  per  cent  in  weight  in  1  hour  and  5.5  per  cent  in  weight  in  3 
hours.  Apparently  the  gills  are  not  impermeable  to  water,  but  the  kidneys 
excrete  water  as  fast  as  it  comes  in.  Nagel  '^^'^  measured  the  urine  output  by 
plugging  the  kidneys  for  10-hour  periods  and  then  measuring  the  loss  after 
removing  the  plugs.   He  found  urine  output  as  follows: 

Urine  outiput 

(ml./24  hrs./  Salinity  of  medium 
50  gm.  body  wt.)  (per  cent) 

5.1  3.3 

6.3  1.62 

8.5  1.57 

Urine  excretion  increases  with  dilution  of  the  medium,  but  not  enough  to 
account  for  the  increased  water  intake.  There  was  greater  weight  increase  in 
66  per  cent  sea  water  with  both  antennal  glands  and  mouth  plugged  (3.4 
per  cent  in  4  hours)  than  with  only  the  antennal  glands  closed  (2.7  per  cent 
in  4  hours),  hence  water  is  eliminated  by  the  mouth.  •^'*  Carcinus  gives  off 
water  by  kidneys  and  gastrointestinal  tract  as  fast  as  it  takes  it  up  in  a  hypo- 
tonic medium. 

Carcinus  has  low  permeability  to  water  and  also  to  salts,  both  incoming  and 
outgoing;  it  takes  up  less  iodine  from  the  medium  than  does  Portiinas,  Hyas, 
or  Cancer  (Fig.  15).  ^**^  Also,  when  iodine  was  injected  into  Hyas,  after  VA 
hours  50  to  94  per  cent  of  the  amount  injected  had  been  lost  to  the  outside 
medium,  while  Carcinus  lost  only  5  to  16  per  cent  of  the  injected  iodine  in 
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VA  hours.   Carcinus  took  up  less  than  one-seventh  as  much  iodine  as  Cancer 
through  a  similar  area  of  the  dorsal  carapace.  '" 

The  urine  of  Carcinus  may  be  hypertonic,  hypotonic,  or  isotonic  to  the 
blood  when  in  sea  water,  and  when  in  dilute  sea  water  it  may  be  slightly 
hypotonic  to  the  blood  but  more  concentrated  than  the  medium.'^''  '■'•'  The 
high  urine  output  in  normal  sea  water  cannot  be  osmotic  water  but  rather 
appears  to  be  a  mechanism  of  ionic  regulation,  and  water  must  be  taken  in 
non-osmotically  when  the  crabs  are  isotonic  with  the  medium.  Water  is 
necessary  for  the  excretion  of  undesirable  ions  like  Mg+  +  and  SO4  \  -^^' 
It  is  probable,  therefore,  that  the  kidneys  of  marine  Crustacea  developed  as 
salt-regulating  mechanisms. 

In  a  dilute  medium  Carcinus  consumes  considerably  more  oxygen  than  in 
normal  sea  water,  in  contrast  to  Maja.^^^-  --^  Part  of  the  increased  energy 
must  go  toward  maintenance  of  the  high  concentration  gradient.  \  he  con- 
centration gradient  is  maintained  partly  by  active  salt  absorption.  '^^  Starved 
specimens  maintain  their  concentration  of  body  salts  at  a  constant  level  despite 
continued  urine  excretion.  Also,  when  transferred  from  a  medium  of  low  to 
one  of  higher  salinity,  the  crabs  take  up  chloride  even  against  a  gradient  to 
their  more  concentrated  blood.  For  example,  when  they  were  transferred  from 
a  medium  with  8.57  mg.  Cl/ml.  to  one  with  11.45  mg.  Cl/ml.,  their  blood 
concentration  increased  from  12.0  to  14  mg./ml.  The  transfer  and  uptake 
took  place  with  the  digestive  tract  closed,  hence  the  gills  were  probably  actively 
absorbing  chloride.  ^^'^ 

Three  mechanisms  play  a  part  in  osmoregulation  of  Carcinus  in  dilute 
medium:  low  permeability  to  both  water  and  salts,  increased  fluid  output  with 
increased  osmotic  gradient,  and  active  salt  absorption.  It  is  impossible  to 
separate  osmotic  regulation  from  ionic  regulation  except  by  degree,  in  different 
media. 

It  is  likely  that  Rhithropanopeiis  harrisii  is  similar  to  Carcinus  in  osmotic 
regulation  (Fig.  13,  curve  C).  '-- 

Regulation  in  Both  Hypertonic  and  Hypotonic  Media.  In  Pachygrapsus 
crassipes  (Fig.  13,  curve  A),  Leptograpsiis  variegatus,*'-^  Sesarma  erythro- 
dactyla,  ^^~  Heloecius  cordiformis  (Fig.  14,  curve  A),  ''^  Ilea  crenulata 
(Fig.  14,  curve  B),  ^--  Palaemonetes  varians  var.  microgenita  (Fig.  14,  curve 
F),  1^^  and  Leander  serratus  (Fig.  14,  curve  D),  ^''^  the  blood  concentration 
is  even  more  constant  with  changes  in  the  medium  than  it  is  in  Carcinus. 
These  crabs  remain  hypotonic  in  a  concentrated  medium.  Pachygrapsus, 
which  lives  in  sea  water  near  the  shore,  is  normally  more  dilute  than  sea 
water.--'  ^--  Some  crabs,  such  as  Pachygrapsus  inannoratus,  leave  the  water 
many  times  a  day.  Palaemonetes  varians  var.  microgenita  can  live  in  brack- 
ish, salt,  or  nearly  fresh  water,  and  Crago  vidgaris  lives  in  the  Elbe  at  a  salinity 
of  0.43  per  cent.  -^- 

Curves  relating  internal  to  external  concentration  in  these  animals  arc  nearly 
flat,  with  hypertonicity  of  the  animal  in  dilute  medium  and  hypotonicity  in 
concentrated  medium  (Fig.  14).  '''''  At  extreme  dilutions  a  rapid  fall  in  blood 
concentration  occurs  and  the  condition  of  the  animal  is  poor.  1  he  maximum 
concentration  at  which  the  downward  flexion  of  the  Ai/A.,  curve  occurs 
must  limit  the  freshness  of  water  which  can  be  entered  by  the  crabs.  Investiga- 
tion of  the  means  by  which  osmoregulation  thus  breaks  down  at  low  concen- 
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trations  would  be  of  interest,  as  well  as  investigation  of  the  mechanism  of 
hypotonicity  at  high  concentrations. 

During  the  molting  cycle  changes  occur  in  osmotic  concentration  of  the 
blood  of  Pachygrapsus  crassipes.   In  sea  water  of  Ao=  1-975  the  hard  inter- 
molt  crabs  showed  a  Ai  of  1.327;  in  those  about  to  molt  Ai=2.601,  in  those 
newly  molted  Ai=2.193,  and  in  crabs  at  the  paper-shell  stage  Ai=1.76.  -- 
Water  and  sugar  content  also  changed  during  the  molt.  -^ 

In  some  parts  of  the  world  certain  crabs  live  on  lajid  most  of  the  time, 
usually  returning  to  salt  water  to  breed.  Their  most  interesting  adaptations  are 
respiratory.  Pearse^"^-  ^'•'^  found  the  blood  of  several  land  crabs  to  be  more 
dilute  than  that  of  marine  crabs  while  in  one  the  concentration  was  about  the 
same.  Their  chitinous  shells  are  good  protection  against  evaporation.  Hypo- 
osmotic  forms  such  as  Uca  can  live  longer  in  air  than  can  poikilosmotic  crabs 
like  Cancer,  whose  blood  concentration  increases  markedly  when  they  are 
exposed  to  air.  ^^-  All  crabs  which  show  hypo-osmotic  regulation  are  grapsoid 
crabs,  and  all  land  crabs  are  also  grapsoids.  It  is  probable  that  the  hypo-osmotic 
condition  permits  regulation  against  increased  osmotic  concentration  of  water 
in  the  branchial  chamber  when  the  crab  is  in  air.  ^--  However,  many  grap- 
soid crabs  remain  in  sea  water,  and  it  is  unlikely  that  for  these  the  ability  to 
maintain  hypotonicity  can  have  adaptive  value. 

Good  Regulation  Permitting  Life  in  Either  Fresh  or  Sea  Water.  A  few 
crabs  live  successfully  in  either  fresh  or  sea  water.  Young  Eriocheir  sinensis, 
according  to  Krogh,  ^^-^  ascend  some  of  the  rivers  of  Europe  in  the  spring; 
they  mature  in  fresh  water,  but  in  the  autumn  the  adults  return  to  the  sea  to 
breed. 

When  Eriocheir  is  transferred  to  media  of  different  tonicities  there  are  no 
volume  changes  but  the  blood  concentration  does  rise  and  fall  slightly.  Ani- 
mals Hving  in  North  Sea  water  with  Ao  of  1.72  showed  a  Ai  of  1.66,  while 
those  in  fresh  water  showed  a  Ai  of  1.22.  -^^  Eriocheir  is  hypertonic  in  dilute 
and  hypotonic  in  concentrated  media  (Fig.  14).  However,  Eriocheir  differs 
from  Hemigrapsus,  Pachygrapsus,  and  Uca  in  not  having  a  steep  and  lethal 
fall  in  its  osmotic  concentration  in  very  dilute  brackish  or  fresh  water. 

The  permeability  of  the  gills  of  Eriocheir  is  extremely  low.  This  crab  takes 
up  iodine  even  more  slowly  than  does  the  fresh-water  crayfish  (Fig  15).  ^^'^ 

The  urine  output  is  at  least  3.5  ml. /day  from  a  60  gm.  Eriocheir  in  fresh 
water.  —'^  The  urine  is  hypertonic  or  isotonic  to  the  blood,  -~^  irrespective 
of  the  medium : 

Blood  Urine  Medium 

Ai  Au 

1.18  1.23         freshwater 

1.85  1.91  Sea  water  of  A"  2.23 

The  salt  composition  of  the  urine  differs  from  that  of  the  blood.  The  kidneys, 
therefore,  put  out  much  salt  in  the  urine. 

In  fresh  water,  Eriocheir  replaces  the  salt  it  loses  by  actively  absorbing  some 
salt  through  the  gills.  Krogh^^-  observed  that  a  crab  loses  salt  rapidly  when 
transferred  from  fresh  to  distilled  water.  After  24  hours  the  salt  loss  in  dis- 
tilled water  was  at  the  rate  of  108  mM/hr.  with  the  kidneys  open  and  82 
mM/hr.  with  the  kidneys  closed.  The  rate  of  ammonia  loss  was  the  same 
whether  the  kidneys  were  open  or  closed;  hence  the  loss  of  most  of  the  chloride 
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and  of  all  of  the  ammonia  appears  to  occur  by  way  of  the  gills.  When  a 
specimen  has  had  its  chloride  content  reduced  by  prolonged  immersion  in 
frequently  changed  distilled  water  and  is  then  put  back  into  pond  water  or 
dilute  salt  solutions  it  absorbs  salt  very  rapidly  against  a  concentration  gradient. 
The  crab  fails  to  reduce  the  concentration  of  the  medium  below  0.2-0.4 
milhmolar.  No  difference  in  respiration  in  salt  and  in  fresh  water  was 
detected.  --- 

In  Eriocheir,  then,  the  kidneys  have  no  osmoregulatory  function  but  do 
function  in  ion  regulation.  The  crab  is  able  to  live  in  fresh  water  because  of 
its  low  salt  and  water  permeability  and  the  ability  of  its  gills  to  absorb  chloride. 
Possible  extrarenal  routes  of  v^ater  excretion  have  not  been  investigated. 

Fresh- Water  Crustaceans.  The  Italian  crab,  Telphiisa  fliiviatiUs,  adjusts  to 
high  concentrations  of  its  medium  but  regulates  well  at  lower  concentrations, 
maintaining  a  Ai  of  1.17  in  fresh  water.  «-  The  urine  of  Telphiisa  is  isotonic 
with  blood.  '-^^  Changes  in  blood  concentration  occur  more  slowly  than  in 
marine  animals. 

In  fresh-water  crayfish  the  blood  freezes  at  about  -0.8°C.,  which  corre- 
sponds to  a  salinity  of  1.4  per  cent.  There  may  be  a  normal  fluctuation  of 
10  per  cent  in  blood  concentration  during  a  period  of  a  week  or  two.  '^'* 
When  crayfish  are  put  into  dilute  sea  water  (50  per  cent  or  less)  their  internal 
concentration  rises  and  they  continue  to  be  hypertonic,  but  in  higher  concen- 
trations of  sea  water  the  blood  concentration  is  isotonic  with  or  slightly  lower 
than  that  of  the  medium.  Crayfish  lived  for  a  month  in  66  per  cent  sea  water 
and  for  three  months  in  50  per  cent  sea  water. ■*-•  '*'- 

In  isotonic  (1.5  per  cent)  saline  (diluted  sea  water)  there  was  no  weight 
change  in  crayfish,  either  normal  or  with  antennal  glands  plugged,  but  in  more 
dilute  media  there  was  a  considerable  increase  in  weight  in  those  with  the 
kidneys  plugged;  in  more  concentrated  (hypertonic)  media  there  was  a  loss 
of  weight  by  both  groups.^^-  Apparently,  then,  normal  crayfish  can  regulate 
their  volume  in  dilute  or  isotonic  media  but  not  in  hypertonic  concentrations. 

The  permeability  of  crayfish  to  both  water  and  salts  is  low  but  not  negligible. 
The  volume  increase  in  fresh  water  of  crayfish  with  antennal  glands  plugged 
may  be  5.5  per  cent  of  body  weight  in  48  hours.  '°-  Permeability  to  iodine  is 
low  (Fig.  15).  Most  of  the  salt  and  water  exchange  occurs  through  the  gills 
rather  than  through  the  body  wall.  Since  weight  remains  constant  the  small 
increase  in  concentration  in  dilute  sea  water  must  be  due  to  uptake  of  salts. 

Crayfish  urine  is  much  more  dilute  than  urine  of  marine  Crustacea  or  of 
Eriocheir.  The  total  urine  output  of  crayfish  in  per  cent  of  the  body  weight 
per  24  hours  is  3.8  per  cent,  ^^-  5.2  per  cent,  ^-^^  or  4.0  per  cent,  ^-'o  an 
excretion  volume  not  much  higher  than  that  in  many  marine  crabs.  The  cray- 
fish urine,  however,  is  very  dilute.  Mean  freezing  points  of  blood  and  urine 
in  cravfish  from  fresh  water  (Ao=0.0l8°)  are  as  follows: 


Blood 

Urine 

Af.p. 

Af.p. 

0.644°C. 

0.065°C. 

0.81    °C. 

0.09   °C. 

0.80  °C. 

0.16  °C. 

Caniharus  clarkii'^''^ 
Astactis  fluviatilis'^ 
Astacus  fluviatili^'' 

When  salt  is  added  to  the  medium  the  urine  concentration   increases;  in 
isotonic  and  slightly  hypertonic  solutions  the  urine  output  declines  to  zero. 
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Chloride  concentrations  in  blood  and  urine,  recalculated  into  millimols  per 
liter  by  Krogh,  are  as  follows: 

Blood  Cl~  Urine  Cl~ 

mM/1.  mM/1. 

Astaciis  fluviatilis--^                                                     195  10 

Astacus  fluviatilis'"'                                                   196  10.6 

Camharus  clarkii^^'^                                                          117  9.6 

This  difference  suggests  either  that  salt  is  reabsorbed  into  the  blood  or  that 
water  is  secreted  by  the  kidney.  In  Eriocheir  in  fresh  water  certain  substances 
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Fig.  16.  Cross  section  of  the  kidney  of  a  crayfish,  consisting  of  a  much  coiled  but  con- 
tinuous tube  with  coelomic  sac,  labyrinth,  nephridial  canal,  and  bladder.     From  Peters."'* 


such  as  magnesium  are  much  less  concentrated  in  the  urine  than  in  the  blood, 
but  chloride  content  is  similar  in  each  fluid,  whereas  in  the  crayfish  all  of  the 
urine  salts  are  lower  in  concentration  than  are  the  blood  salts. 

I  he  crayfish  kidney  consists  first  of  a  coelomic  sac  penetrated  by  blood 
vessels  and  sinuses  and  lined  by  a  single  epithelial  layer  (Fig.  16).  Then 
fohows  the  green  tubular  labyrinth,  a  sponge-like  structure,  and  a  long  (3  cm.) 
nephridial  canal.  The  canal  empties  into  the  urinary  bladder.  The  blood 
supply  is  rich  to  all  parts  except  the  bladder.  The  blood  vessels  open  into 
hcm(Koelc  spaces  which  surround  the  kidney  tubules.  In  the  lobster,  which 
excretes  an  isotonic  urine,  the  labyrinth  tubule  is  larger,  but  the  nephridial 
canal  is  not  well  differentiated.  ^'-^^    The  nephridial  tubule  in  the  fresh-water 
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Gammarns  pzdex  is  much  longer  than  in  the  marine  G.  locusta,  but  there  is 
httle  or  no  difFerence  in  kidney  size  in  fresh-water  and  salt-water  varieties  of 
Palaemonetes  varians.  ---  Thus  the  entire  crustacean  kidney  is,  in  principle, 
like  one  unit  of  the  vertebrate  kidney.  By  means  of  a  capillary  pipette  Peters 
removed  samples  of  fluid  from  each  of  the  regions  of  the  crayfish  kidney,  and 
then  measured  their  chloride  content.  His  results  in  mM/1-  (recalculated  by 
Krogh)  are  as  follows: 

Main  End  of  Neph. 

Blood  Coel.  Sac       Lahyrinth       Lahyrinth  Canal  Bladder 

CI- mM/1.      196  ±3  198  ±  2         209  ±:  7         212  ±:  7  90  ±  6         10  ±0.6 

The  fluid  from  the  coelomic  sac  and  labyrinth  may  be  a  blood  filtrate,  essen- 
tially isotonic  with  the  blood,  and  in  the  nephridial  canal  chloride  may  be 
reabsorbed,  leaving  a  dilute  urine  to  enter  the  bladder. 

Evidence  for  filtration  was  given  by  Picken,  ^""  who  measured  a  hydro- 
static pressure  of  20  cm.  H^O  in  the  first  leg  of  a  crayfish.  The  colloid  osmotic 
pressure  of  the  blood  was  found  to  be  15  cm.  HoO  and  that  of  the  urine,  2 
cm.  HoO.  Hence  filtration  might  occur  from  blood  vessels  to  tubules. 

The  histological  picture  is  not  compatible  with  filtration,  however.'"'-  ^"•''' 
The  coelomic  sac  and  tubules  lie  in  hemocoelic  spaces,  so  that  the  pressure 
must  be  similar  on  all  sides,  and  it  is  difficult  to  see  how  unidirectional  pressure 
could  exist  as  it  does  in  a  vertebrate  kidney  glomerulus.  The  epithelium  of  the 
coelomosac  may  show  vacuoles;  the  nephridial  tubule  cells  of  a  crayfish  from 
fresh  Vv'ater  contain  many  vacuoles  which  can  be  seen  being  extruded  into  the 
lumen.  Crayfish  kept  in  saline  for  several  days  lose  these  vacuoles  and  regain 
them  when  returned  to  fresh  water.^"'-  ^"■"'  The  labyrinth  cells  can  accumu- 
late and  secrete  dyes  such  as  cyanol,  phenol-red,  and  indigo  carmine.  This 
evidence  argues  against  filtration  and  reabsorption  of  salt  but  demands  secre- 
tion of  water. 

In  no  condition  has  a  crayfish  been  observed  to  excrete  totally  salt-free  urine. 
A  crayfish  weighing  50  gm.  loses  600  mM  of  CI  daily.  '^"^  Some  salt  is  normal- 
ly obtained  from  food,  but  crayfish  can  be  kept  for  weeks  without  food.  The 
chloride  content  of  the  urine  of  starved  crayfish  is  less  than  that  of  fed 
ones.  "^  In  8  days  in  distilled  water  the  chloride  content  of  the  blood  fell 
from  6.8  mg./gm.  to  4.5  mg./gm.,  i.e.,  a  loss  of  about  one  third,  and  the  crayfish 
eventually  died.  ^^"^  When  crayfish  were  removed  from  distilled  water  to  fresh 
water  before  they  died,  recovery  was  complete.  Krogh  '^'^  washed  out  crayfish 
bv  leaving  them' in  distilled  water  for  3  days  and  found  that  when  they  were 
then  put  into  0.02  Ringer  solution  they  took  up  chloride  at  the  rate  of  2.3 
/xM/hr.  over  3  hours,  even  though  the  external  concentration  was  2  mM  and 
the  internal  concentration  was  100  mM.  From  pure  sodium  chloride  solution 
of  the  same  concentration  the  uptake  was  initially  greater  (6.0  ^M/hr.);  the 
rate  of  uptake  later  slowed,  but  at  all  times  the  active  absorption  was  at  a  lower 
rate  than  in  Eriocheir.  Astaais  took  up  bromide  at  about  the  same  rate  as  it 
did  chloride.  The  gills  take  up  silver  salts,  and  washed-out  crayfish  take  up 
CI-  from  KCl,  Na+  and  CI"  from  NaCl,  and  Na+  from  Na.SOj. 

By  its  low  permeabilitv  and  by  two  energy-requiring  processes-salt  reab- 
sorption or  water  secretion  in  the  kidney,  and  active  salt  absorption  by  the  gills 
-the  crayfish  is  able  to  maintain  a  high  internal  concentration  while  living 
in  fresh  water. 
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It  has  frequently  been  reported  that  fresh-water  animals  consume  more 
oxygen  per  unit  weight  than  do  brackish  and  marine  forms.  The  following 
figures  1^^  showing  the  cubic  millimeters  of  oxygen  consumed  per  gram  of 
weight  per  hour  for  three  species  of  Gammarus  support  this: 


Fresh  water 

Brackish  water 

Sea  water 

G.  pidex 

G.  chevreuxi 

G.  marinus 

Unanesthetized 

1098 

648 

562 

Anesthetized 

443 

529 

300 

Further,  the  oxygen  consumption  in  unanesthetized  G.  chevreuxi  was  516 
mm.Vg'm./hr.  in  100  per  cent  sea  water  and  648  mm.Vgm./hr.  in  25  per  cent 
sea  water.  The  oxygen  consumption  of  crayfish  is  30  to  40  per  cent  higher  in 
fresh  water  than  in  isotonic  sea  water.^-'^-  -"  Part  of  the  extra  energy  made 
available  in  fresh  water  must  provide  for  the  salt  and  water  secretory  move- 
ments against  concentration  gradients;  part  may  be  concerned  with  maintain- 
ing low  permeability  to  salt  and  water. 

Krogh  suggests  that  the  capacity  to  absorb  salt  actively  is  of  wide  occurrence, 
especially  among  fresh-water  animals.  He  gives  evidence  from  Fritsche  indi- 
cating that  Daphnia  absorbs  salt.  The  fairy  shrimp,  Chirocephaliis  diaphanns, 
loses  salt  rapidly  in  distilled  water  but  recovers  it  in  a  very  dilute  salt  solu- 
tion. ^'-^^  Branchipus  and  Apus  (Lepidiinis)  are  unable  to  remain  alive  long 
in  distilled  water,  fresh  water,  or  dilute  Ringer  solution  without  food.  Krogh 
suggests  that  these  animals  lack  the  power  of  active  salt  absorption. 

In  contrast  to  those  animals  which  are  dependent  on  salt  absorption,  Gavi- 
marus  pulex  remained  healthy  in  glass-distilled  water  which  was  changed 
twice  daily  and  lost  chloride  for  only  the  first  2  to  5  days.  -^  Also  Aselhis  and 
larvae  of  the  mosquito  Aedes  live  well  in  distilled  water.  In  these  animals  salt 
retention  is  important  and  survival  is  possible,  at  least  over  periods  of  days, 
without  salt  absorption.  However,  adjustment  to  low  tonicity  of  the  environ- 
ment does  require  some  initial  loss  of  chloride.  -^ 

Regulation  Permitting  Life  in  Salt  Lakes :  Brine  Shrimps.  The  fresh-water 
Crustacea  have  specialized  in  hypertonicity  in  dilute  media.  A  few  Crustacea 
have  gone  to  the  other  extreme  and  maintain  hypotonicity  in  concentrated 
brine.  Anemia,  the  brine  shrimp,  lives  in  Great  Salt  Lake  in  a  salt  concentra- 
tion of  22  per  cent  and  in  salt  lakes  of  even  higher  concentration  in  other  parts 
of  the  world.  Artemia  is  normally  hypotonic  but  varies  its  internal  concentra- 
tion with  the  medium.  "^  In  a  lake  of  8.4  per  cent  salinity  the  blood  con- 
centration was  equivalent  to  1.3  per  cent  sodium  chloride.  In  an  external 
salinity  of  17.4  per  cent  the  blood  concentration  was  equivalent  to  2.4  per  cent 
NaCl,  hence  blood  concentration  did  not  increase  in  proportion  to  concentra- 
tion of  the  medium.  ^^^  Weight  is  gained  or  lost  when  Artemia  is  transferred 
to  hypotonic  or  hypertonic  media.  The  permeability  of  Arte^)lia  to  heavy  water 
is  low  compared  with  that  of  Daphnia  (Ussing,  from  Krogh^^'^).  Artemia 
takes  up  dyes,  which  enter  most  Crustacea  through  the  gills,  only  by 
mouth.  -"^  There  must  be  other  mechanisms,  besides  the  low  permeability, 
which  enable  the  brine  shrimp  to  have  a  blood  concentration  as  low  as  10  per 
cent  of  that  of  the  medium.  There  is  some  evidence  for  water  storage  in  the 
intestine  in  a  dilute  medium. ^^'^  The  gills  of  Artemia  are  larger  in  media  of 
high  salinity  than  in  media  of  low  salinity,  an  effect  probably  related  to  lower 
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oxygen  content  in  the  media  of  high  salinity,  but  possibly  also  related  to  salt 
excretion.  -^" 

ADAPTATION  TO  FRESH  WATER 

All  fresh-water  invertebrate  animals  are  hypertonic  to  the  medium.  None 
(except  some  eggs)  are  impermeable  to  water.  Hence  probably  all  fresh-water 
animals  have  a  mechanism  for  excretion  of  urine  hypotonic  to  the  blood.  Some 
separation  of  water  from  salt  is  made  by  the  excretory  organs.  The  body 
surface  may  retain  salt  but  no  fresh-water  animal,  so  far  as  is  known,  excretes 
a  totally  salt-free  urine.  The  salt  necessarily  lost  in  the  urine  must  be  replaced 
by  food  or  by  active  absorption. 

Aquatic  Insects.  Insects  are  essentially  terrestrial  animals  but  in  many 
orders  some  members  have  invaded  fresh  water,  at  least  for  lar\al  life.  There 
are  some  larvae  in  salt  lakes,  and  a  few  venture  into  brackish  water.  There  are 
marine  chironomids.  A  brackish-water  species  of  Corixidae  or  water  boatman 
{Sigura  litguhris)  has  been  compared  with  two  fresh-water  species  (S.  distincta 
and  S.  fossarnm).  ^'-^  The  brackish-water  insect  is  found  over  a  salinity  range 
of  0.5  to  1.8  per  cent.  The  curves  relating  internal  and  external  concentrations 
resemble  similar  curves  for  the  regulating  fresh-water  Crustacea.  The  blood 
concentration  of  Sigiira  lugiihris  is  constant  in  media  ranging  from  0.1  to 
about  1.5  per  cent  salinity;  in  media  below  0.17  per  cent  salinity  the  blood 
concentration  declines,  and  in  media  above  1.5  per  cent  salinity  it  rises.  The 
fresh-water  species  does  not  regulate  so  well,  but  it  increases  its  blood  concen- 
tration by  only  30  per  cent  in  going  from  0.1  to  1.8  per  cent  salinity.  There 
is  no  information  regarding  the  mechanism  of  this  regulation. 

The  blood  and  coelomic  fluid  of  various  aquatic  insects  are  similar  in  osmotic 
concentration  to  those  of  other  fresh-water  animals.  Insects  differ  from  other 
animals  in  the  small  fraction  of  their  osmotic  pressure  due  to  chlorides  and 
the  large  fraction  due  to  organic  substances,  particularly  amino  acids.  The 
chlorides  in  body  fluids  of  Ciilex  and  Aedes  account  for  only  35  to  40  per  cent 
of  the  total  osmotic  concentration.  -'^^ 

The  only  aquatic  insects  which  have  been  examined  carefully  as  to  their 
osmoregulation  are  dipteran  larvae,  particularly  mosquitoes  and  midges.  The 
details  of  their  adjustments  are  discussed  by  Krogh  "'^  and  by  Wiggles- 
worth.  -^°  The  so-called  anal  papillae  of  gills  which  had  been  thought  to  be 
respiratory  organs  actually  have  no  respiratory  function. -■*^'  '^^  Isolated 
papillae,  however,  swell  in  tap  water  and  constrict  in  Ringer  solution.  If  an 
Aedes  argenteiis  larva  is  ligated  ahead  of  the  opening  of  the  malpighian  tubes 
into  the  gut  and  then  put  into  hypertonic  glucose  the  hind  part  shrinks, 
whereas  without  the  Hgature  the  whole  larva  shrinks.  If  the  animal  is  Hgated 
just  behind  the  opening  of  the  malpighian  tubes  and  placed  in  fresh  water 
the  posterior  region  becomes  swollen,  whereas  the  anterior  part  does  not.  By 
several  such  ligation  experiments  Wigglesworth  found  that  normal  larvae 
swallow  very  little  water,  that  the  anal  papillae  are  the  part  of  the  body  most 
permeable  to  water,  and  that  water  is  excreted  bv  the  malpighian  tubes  (Fig. 

17). 

When  Aedes  larvae  are  transferred  to  various  media  a  constant  osmotic 
pressure  is  maintained  in  an  external  concentration  lower  than  or  cqui\alent 
to  0.65  per  cent  sodium  chloride;-^^-  ~^^-  -■''■•  in  media  of  higher  concentration 
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the  body  fluid  adapts  to  the  medium  (Fig.  26).  The  tolerance  of  saHnity 
depends  on  the  medium  in  which  the  larvae  are  reared.  Larvae  of  Aedes 
argenteus  reared  in  fresh  water  are  killed  when  they  are  transferred  directly 
to  1.1  per  cent  sodium  chloride  or  to  sea  water  diluted  to  the  equivalent  of 
1.3-1.4  per  cent  NaCl,  whereas  if  the  concentration  is  increased  gradually  the 
larvae  are  able  to  live  in  these  media.  The  anal  papillae  of  Culex  pipiens 
larvae  reared  in  0.65  per  cent  NaCl  are  very  small;  when  they  are  reared  in 
0.006  per  cent  NaCl,  the  anal  papillae  are  larger;  when 'the  larvae  are  reared 
in  distilled  water  the  anal  papillae  are  very  big  and  the  epithelial  cells  may 
become  vacuolated.  The  anal  papillae  of  Aedes  detritus  larvae  in  Algerian 
ponds  of  a  salinity  equivalent  to  1.2T0  per  cent  NaCl  are  smaller  than  those 
of  larvae  of  A.  aegypti  from  fresh  water.-*'  The  larva  of  Chironomus  th.um.mi, 


Fig.  17.  A,  Hind  end  of  larva  of  the  mosquito  Aedes  aegypti,  reared  in  salt  water, 
showing  sohd  uric  acid  in  lumen  of  malpighian  tubes.  B,  The  same  larva,  a  few  minutes 
after  transfer  to  fresh  water;  the  malpighian  tubes  have  been  flushed  out  by  water  entering 
through  the  anal  papillae,  a,  mid-gut;  h,  malpighian  tubes;  c,  hind-gut;  d,  anal  papillae. 
From  Wigglesworth.""" 

unlike  the  larvae  of  Aedes  and  Ctdex,  takes  in  water  over  its  entire  body 
surface.  '-^^ 

The  anal  papillae  of  Chironomus  larvae  avidly  take  up  silver  from  dilute 
solutions  of  silver  nitrate,  '■^**  and  the  anal  papillae  of  Aedes  aegypti  take  up 
electronegative  dyes.  ^^^  After  a  period  of  salt  deprivation  the  anal  papillae 
actively  absorb  salt  from  dilute  solutions  (0.01  Ringer  solution ).^''*^'  ^'*-'  -^^ 

The  function  of  the  anal  papillae  is  clear.  They  are  not  respiratory  but  are 
salt-absorbing  mechanisms.  Their  permeability  to  water  is  a  necessary  condi- 
tion to  salt  absorption.  The  body  surface  is  more  permeable,  especially  to 
water,  in  Chironomus  larvae  than  in  Cidex  and  Aedes,  but  in  the  larvae  of 
both  groups  the  anal  papillae  become  enlarged  and  actively  absorb  salt  when 
in  a  dilute  medium.  The  urine  as  formed  in  the  malpighian  tubes  is  similar 
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in  osmolar  concentration  to  the  abdominal  body  fluid,  but  salts  are  reabsorbed 
from  the  urine  aFter  it  enters  the  hind-gut.  Similarly,  in  larvae  of  Lwinophilus 
reared  in  a  salinity  equivalent  to  0.01  per  cent  NaCl  the  osmotic  concentra- 
tion of  the  coelomic  fluid  was  equivalent  to  0.031-0.048  per  cent  NaCl,  and 
that  of  the  secretion  from  the  malphighian  tubes  was  similar  (0.031-0.066 
per  cent  NaCl),  whereas  the  rectal  urine  was  verv  dilute  (equivalent  to  0.000- 
0.009  per  cent  NaCl).  44 

Sponges,  Coelenterates,  Flatworms,  and  Molluscs.  I  low  fresh-water  sponges 
and  coelenterates  keep  from  swelling  to  the  bursting  point  is  not  well  known. 
Fresh-water  sponges  appear  to  eliminate  water  by  contractile  vacuoles  in 
amoebocytes  and  choanocytes.  Marine  sponges  lack  these  contractile  vacu- 
oles.'^^•*  The  osmotic  concentration  of  cells  of  the  freshwater  sponge, 
Spongilla,  in  summer  is  low  (25-30  mM  NaCl)  but  at  the  time  of  gcmmula- 
tion  the  concentration  rises  (1 10  mM  NaCl).  -'••* 

Two  fresh-water  coelenterates  (Pehnatohydra  oUgactis  and  Chlorohydra 
viridissima)  have  been  maintained  in  brackish  water  of  0.25  per  cent  salinity, 
where  the  cells  were  shrunken;  in  distilled  water  they  were  swollen. 

The  endoderm  cells  of  Hydra  contain  vacuoles  which  resemble  the  vacuoles 
in  the  cells  lining  the  gut  of  many  turbellarians.  These  vacuoles  in  Hydra 
are  not  seen  to  contract.  When  Hydra  is  placed  in  pyrex-distilled  water  these 
vacuoles  greatly  enlarge;  in  a  few  hours  the  body  cells  separate  and  the  animal 
disintegrates.  Addition  of  small  amounts  of  salts  (calcium  and  other  ions) 
to  the  distilled  water  does  not  prevent  swelling  and  disintegration.  Some  sub- 
stance must  be  present  in  pond  water  which  keeps  permeability  to  water  low 
and  prevents  separation  of  the  cells. 

Free-living  flatworms  have  an  excretory  system  of  protonephridia  which 
probably  function  in  getting  rid  of  osmotic  water.  In  a  culture  of  Stenostovnim 
oedematus  distended  individuals  were  found  to  have  damaged  protoneph- 
ridia. ^^^  A  turbellarian,  Gyratrix  hermaphroditus,  collected  from  fresh  water 
showed  a  well  developed  protonephridial  system,  parts  of  which  took  up 
vital  dyes.  ^^7  In  brackish-water  specimens  ampullae*  and  parancphrocytes 
are  absent;  in  marine  specimens  the  tubules  also  are  lacking.  Pianaria  •*•»  and 
Dendrocoelum  ^  gain  weight  in  distilled  water  and  lose  weight  in  physiolo- 
gical saline,  hence  they  must  normally  excrete  a  hypotonic  urine. 

Fresh-water  bivalve  molluscs  have  a  very  low  blood  concentration.  The 
blood  concentration  goes  up  with  increasing  external  concentration,  but  the 
animals  are  unable  to  survive  in  concentrations  which  approach  the  concen- 
tration of  the  blood  of  frogs  and  other  fresh-water  animals.  "-  Anodonta, 
adapted  first  to  distilled  water  and  then  transferred  to  dilutions  of  sea  water, 
showed  no  weight  change  in  hypotonic  solutions  (less  than  A..=0.1)  but  lost 
weight  in  more  concentrated  solutions.  '"'  Anesthetized  specimens,  however, 
gained  weight  in  a  hvpotonic  mcdium.^"^  Anodonta  is,  therefore,  permeable 
to  water.  Fluid  from' the  pericardial  cavity  passes  through  the  nephrostome 
into  the  kidnev.  The  blood  and  pericardial  fluid  arc  equiAalcnt  osmotically  to 
0.1  per  cent  NaCl  and  the  urine  to  0.06  per  cent  NaCl.-"'  The  blood  is 
under  a  hydrostatic  pressure  of  about  6  cm.  M,0,  and  the  colloid  osmotic 
pressure  of  the  blood  is  some  3.8  mm.  H.O.  This  would  allow  the  pericardial 
fluid  to  be  formed  by  filtration  through  the  wall  of  the  heart  and  P.ckcn  - 
actually  drained  pericardial  fluid  for  a  short  time  at  the  rate  of  250-300  ml./24 
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hr.  in  an  animal  weighing  50  grams  (without  shell).  Fluid  collected  from  the 
kidney  (organ  of  Bojanus)  is  lower  in  chloride  and  calcium  but  higher  in 
protein  and  nonprotein  nitrogen  than  the  blood.  '^^  Hence  the  kidney  reab- 
sorbs some  salt  but  still  much  is  lost  in  the  urine.  The  salt  intake  by  food 
could  supply  only  a  small  fraction  of  this  amount  and,  furthermore,  fresh- 
water mussels  will  live  well  for  many  months  in  running  tap  water  without 
food,  with  little  change  in  blood  concentration.  "'*  To  compensate  for  the 
salt  loss  it  is  likely  that  salt  is  actively  absorbed.  Anodonta  and  Unio  can 
actively  absorb  chloride  and  sodium  from  approximately  millimolar  solutions, 
but  they  cannot  reduce  the  concentration  below  about  0.1  mM.^^"'^  Krogh 
suggests  that  when  salt  absorption  by  che  body  surface  is  prevented,  as  in 
distilled  water,  the  nephridial  salt  reabsorption  may  be  increased  so  that  the 
urine  concentration  may  approach  zero. 

The  kidneys  of  most  gastropods  and  pelecypods  are  connected  to  the  peri- 
cardial cavity  and  may  receive  pericardial  fluid  directly  into  the  kidney  lumen. 
In  addition,  the  kidneys  receive  a  rich  supply  of  blood  returning  from  visceral 
sinuses,  and  the  epithelium  in  some  regions  is  highly  vacuolated  and  secretory. 
The  hydrostatic  pressure  in  the  postrenal  sinus  may  even  exceed  pressure  in 
the  pericardium  (see  Chapter  15).  Urine  volume  cannot,  therefore,  be  calcu- 
lated from  pericardial  filtrate  or  urine  composition  be  inferred  from  the  fluid 
from  the  interior  of  the  kidney.  A  histophysiological  study  of  the  molluscan 
kidney  would  be  useful. 

Snails  show  wide  fluctuations  in  osmotic  concentration  according  to  activity 
and  water  supply.  ""'^  The  snail  Limnaea  has  a  blood  concentration  equiva- 
lent to  0.43  per  cent  NaCl  and  urine  concentration  of  0.3  per  cent  NaCl.  -°^ 
Limnaea  is  able  to  absorb  salt  actively  from  0.01  Ringer  solution.  '^^^  The 
land  snail.  Helix,  has  blood  equivalent  to  0.69  per  cent  NaCl  when  hiberna- 
ting and  to  0.5  per  cent  NaCl  when  active.  ^-'^  The  blood  concentration  of 
a  land  snail  dropped  from  a  normal  value  of  Ai=0.47  to  Ai=0.2  after  a 
rain.  ^- 

Earthworms  and  Leeches.  There  are  many  fresh-water  annelids,  specifically 
Hirudinea  and  OHgochaeta;  the  earthworms  are  adapted  to  life  in  moist  soil 
where  osmotic  stress  is  intermediate  between  that  of  fresh  water  and  that  of 
air.  Soil-dwelling  earthworms  can  live  indefinitely  in  aerated  fresh  water  or 
in  moist  air.  Adaptive  mechanisms  of  water  balance  in  earthworms  have  been 
examined  in  detail.'^-  ^'  ^^-  ^'^^'  -"=«•  '^^ 

The  blood  of  freshly  collected  earthworms  is  similar  in  osmotic  concentra- 
tion to  the  blood  of  aquatic  vertebrates;  Af.p.  of  Ltivihrictis  body  juice  is  0.31°,-'' 
of  blood  plus  coelomic  fluid  0.59°,^^^  of  coelomic  fluid  of  worms  in  distilled 
water  0.3°;2"»«  the  Af.p.  of  Pheretima  blood  is  0A°-0.5°.'^^  There  is  much 
variation  in  osmolar  concentration  according  to  the  state  of  hydration. 

When  an  earthworm  is  transferred  to  tap  water  it  absorbs  water  equivalent 
to  as  much  as  15  per  cent  of  its  initial  weight  in  about  5  hours.  Water-adapted 
worms  removed  from  aerated  fresh  water  to  moist  air  or  soil  lose  water.-''--  -^'-^ 
Hence  under  natural  conditions  an  earthworm  is  always  in  a  semi-desiccated 
state.^'  '■''  In  dry  air  earthworms  can  survive  a  loss  of  70  to  80  per  cent  of 
their  body  water. "^'  -^"^  Water  goes  out  of  the  worm  after  excess  hydration 
more  quickly  than  it  is  taken  in  after  dehydration.  "  Earthworms  orient 
toward  a  moist  and  away  from  a  dry  surface.  -^^ 
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In  air  the  body  surface  is  kept  moist  by  excreted  water,  and  upon  irritation 
coelomic  fluid  is  lost  through  the  dorsal  pores.  A  Japanese  worm  is  said  to 
throw  coelomic  fluid  a  distance  of  one  foot  into  tfie  air.  •'''  Fluid  loss  by  way 
of  the  intestine  is  slight.  Fluid  collected  from  the  anterior  end  of  the  intestine 
has  a  higher  osmotic  concentration  than  the  blood.  "■'  Worms  tied  at  both 
ends  gain  weight  in  water  no  faster  than  worms  not  tied.  Pressure  of  4.5  cm. 
I  LO  measured  by  a  cannula  in  the  gut  corresponds  to  an  intestinal  e.x'cretion 
of  0.25  per  cent  of  the  basal  weight  per  hour.  -■'••* 

Nephridial  excretion  by  worms  in  water  is  2-2.5  per  cent  of  the  basal  weight 
per  hour.^'  ^'''  -''•'■  Analysis  of  earthworm  urine,  collected  by  an  ingenious 
device,  is  shown  in  Table  1.   The  urine  is  hypotonic  to  blood  and  coelomic 

TABLE  1.   COMPOSITION  OF  BODY  FLUIDS  OF  PHERETIMA  POSTHUMA* 


Blood 

Coelomic  Fluid 

Urine 

Af.p. 

urea  (mg.  %) 
protein  (mg.  %) 
glucose  (mg.  %) 
CI-  (mg.  %) 

0.40-0.50 
2.638 
3643 
100 
50 

0.285-0.31 
2.52 
479 
nil 
80 

0.050-0.065 
3.24 
30 
nil 
3.7 

*From  Bahl.  ''■  '"     See  also  Table  9  in  Chapter  3. 


fluid  and  contains  much  less  salts  but  more  urea.  In  Lituihricus  terrcstris  in 
tap  water  the  chloride  concentration  in  urine  is  20  mg.  100  cc.  and  that  in 
coelomic  fluid  is  270  mg./lOO  cc.  The  osmotic  concentration  of  coelomic  fluid 
is  equivalent  to  0.53  per  cent  NaCl  and  that  of  blood  is  slightly  lower.  -*'""' 

Earthworms  show  a  wide  variety  of  types  of  nephridia  (reviewed  by  BahP^). 
Some  are  large,  occurring  as  one  pair  per  segment;  others  are  small  and  very 
numerous  in  each  segment.  The  best  known  nephridia  open  into  the  coelom 
by  a  funnel,  but  there  are  many  which  are  closed  interrially.  Some  earthworms 
(e.g.,  Pherethna  posthwna  in  India)  have  some  nephridia  which  empty  into 
the  intestine,  i.e.,  are  enteronephric;  whereas  others  (e.g.  Lwuhricns,  Euty- 
phoeus')  have  all  of  the  nephridia  opening  externally,  i.e.,  are  e-xonephric.'"* 
The  castings  of  enteronephric  worms  are  drier  and  these  worms  live  in  a  drier 
environment  than  exonephric  worms. 

Coelomic  fluid  enters  the  nephridial  funnels  (nephrostomes)  under  the  force 
of  ciliary  beat;  particles  such  as  Chinese  ink  are  seen  to  enter  the  nephridia 
from  the  coelom  only  when  the  distal  portion  or  bladder  is  empty.  ■'*''  Dyes 
and  particulate  matter  may  be  found  inside  nephridial  epithelial  cells;  these 
substances  are  either  absorbed  from  the  tubule'''*'  -'''  or  are  phagocytized  by 
migratory  chloragogue  cells  and  deposited  in  the  tubules.  Breakdown  products 
of  hemoglobin  are  transferred  from  blood  to  certain  nephridial  cells  where 
they  are  stored.  ^'^  Fluid  collected  in  the  ampulla  and  bladder  is  markedly 
hypotonic  to  the  coelomic  fluid,  hence  capacity  to  form  hypotonic  urine  is 
greatest  in  the  wide  tube  of  the  ampulla.  -'^•'^"  Ciliary  propulsion,  active  trans- 
port across  the  tubule  cells,  and  phagocytosis  combine  to  produce  the  urine 
from  coelomic  fluid  and  blood.  Cytological  comparison  of  nephridia  from 
worms  in  water  and  in  air  might  provide  evidence  regarding  secretory  function. 
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The  salts  which  are  lost  in  the  hypotonic  urine  of  worms  in  water  must  be 
replaced.  Some  salts  come  from  ingested  food.  Earthworms  actively  absorb 
chloride  from  very  dilute  salt  solutions.  ^^'-  Leeches  which  have  lost  some  of 
their  body  salts  by  living  in  distilled  water  for  about  two  weeks  absorb  from 
0.01  Ringer  solution  as  much  as  0.48  mM  salt  per  gm.  body  weight  during 
the  first  half  hour  of  immersion.  ^^^ 

ADAPTATION  TO  MARINE,  FRESH-WATER,  AND 
PARASITIC  LIFE  (PROTOZOA) 

Protozoa  are  a  diverse  group  of  animals  which  are  so  small  that  direct 
measurement  of  the  osmotic  concentration  of  their  cytoplasm  and  their  excre- 
tion is  difficult.  Indirect  evidence  indicates,  however,  that  many  marine  and 
parasitic  Protozoa  have  no  osmotic  problem,  that  is,  they  are  isotonic  with  their 
medium.  All  fresh-water  Protozoa  have  a  distinct  osmotic  problem  in  that 
they  are  hypertonic  to  their  medium.  Some  species  can  readily  withstand 
transfer  to  extreme  concentrations  of  the  medium,,  from  distilled  water  to 
concentrated  sea  water;  others  are  extremely  limited  in  their  osmotic  tolerance. 
It  has  been  variously  suggested  that  the  contractile  vacuoles  of  Protozoa  func- 
tion in  excretion  of  water,  nitrogenous  wastes,  CO2,  and  salts. 

Structure  of  Contractile  Vacuoles.  Some  Protozoa  have  one  contractile 
vacuole,  some  have  two,  and  others  have  several.  In  some  marine  species  con- 
tractile vacuoles  are  absent  in  sea  water  but  they  appear  when  the  animals 
are  transferred  to  fresh  water.  Usually  a  contractile  vacuole  is  formed  when 
numerous  small  vacuoles  or  vesicles  fuse;  these  may  arise  in  a  given  area  or 
in  various  parts  of  the  cell.  In  some  species,  particularly  among  ciliates,  there 
are  canals  of  various  shapes  which  fill  and  empty  into  the  contractile  vacuole. 
During  the  period  of  filling,  or  diastole,  the  viscosity  of  the  cytoplasm  in  the 
vicinity  of  the  contractile  vacuole  is  low,  while  at  the  time  of  emptying,  or 
systole,  viscosity  is  high. 

The  contractile  vacuole  membrane  has  many  of  the  properties  of  cell  mem- 
branes. Several  investigators^^'''  ^^^  have  succeeded  in  keeping  vacuoles 
intact  after  removal  from  the  cell.  The  membrane  resembles  the  plasma  mem- 
brane in  holding  back  solutes  such  as  some  dyes.  The  vacuole  wall  stains  with 
neutral  red  injected  into  an  Amoeba  and  when  first  punctured  the  vacuole 
wall  shows  a  wrinkled  surface.  ^^'  Morita  and  Chambers  ^^^  stained  Ainoel7a 
duhia  yellow  with  methyl  red;  injected  hydrochloric  acid  then  caused  the 
cytoplasm  to  turn  red  while  the  vacuole  remained  yellow. 

The  emptying  of  contractile  vacuoles  is  apparently  a  gelation-solation 
phenornenon.  A  gelated  region  is  needed  around  the  vacuole  before  discharge 
occurs  in  Amoeba  dubia.  ^^^  In  Euplotes  local  solation  seems  to  occur  at  the 
point  of  discharge,  although  behind  this  point  there  may  be  gel.  -"' 

Volume  Regulation.  Volume  regulation  has  been  examined  in  only  a  few 
species  and  these  show  extreme  differences.  The  volumes  of  Amoeba  pro- 
teus  ^"^^  and  of  Pelomyxa  carolinensis  '^'•'  have  been  measured  by  putting  the 
specimens  into  special  capillary  tubes.  The  volumes  of  Amoeba  mira  and  of 
Amoeba  lacerta  have  been  calculated  from  their  diameters,  since  they  assume 
a  spherical  form  when  agitated.'"^'  ''^•"'  Volumes  of  three  species  of  peri- 
trichous  ciliates,  Rhabdostyla  brevipes,  Zoothamniinn  marinum,  and  Cothiir- 
nia  curvxda,  have  been   calculated   from   measurements   of  several   dimen- 
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sions.^'^'*'  ^-'^  Of  the  four  rhizopods,  A.  mira  and  A.  lacerta  adjust  rapidly 
(1-2  hours)  after  transfer  to  a  changed  medium,  so  that  their  volume  is  similar 
at  all  concentrations.  Pelomyxa  is  less  tolerant  of  extreme  changes  and 
requires  6  to  12  hours  to  adjust  its  volume  after  transfer  from  freshwater 
culture  to  distilled  water  or  to  a  solution  of  nonelectrolyte.  Amucha  proteus 
transferred  to  a  solution  of  sugar  (lactose)  above  0.005  M  showed  a  steady 
decline  in  volume  tor  6  to  7  days,  after  which  there  was  sometimes  a  slight 
rise,  but  survival  was  rare  after  that  time  in  the  nonelectrolyte.  Starvation 
complicated  the  late  reactions,  but  it  seems  certain  that  Aviochn  proteus  has 
very  little  volume  regulation.  The  fresh-water  ciliate  Hhabdostyla  hrevipes 
and  the  marine  Zoothmnnmm  niarinwn  also  failed  to  show  any  tendency  to 
return  to  their  original  volume,  at  least  for  3  hours  of  measurement  in  a  solu- 
tion of  changed  tonicity,  whereas  the  brackish-water  Cothtirnia  curvula  when 
transferred  to  a  dilute  medium  swelled  initially  but  after  2  3  hours  showed  a 
slight  decline  in  volume.  Three  species  of  Euplotes  which  occi:  in  l:jsh 
water,  in  2.5  per  cent,  and  in  4  per  cent  salinity  are  of  diminishing  size,  in 
that  order.  ^-  If  the  fresh-water  species  becomes  adapted  over  a  period  of  a 
month  or  more  to  1  per  cent  salinity  it  decreases  in  size. 

Membrane  Permeability.  The  preceding  observations  indicate  a  consider- 
able permeability  to  water  but  an  extremely  low  permeability  to  salts  in 
Pelomyxa,  A.  proteus,  Rhabdostyla,  and  Zoothamniwn,  and  a  high  salt  perme- 
ability in  A.  vura  and  A.  lacerta.  Even  in  the  latter  two  species,  volume 
adjustment  is  much  slower  than  in  marine  eggs.  Permeability  constants  for 
incoming  water  calculated  on  the  basis  of  swelling  give,  in  |y.-\Watm./mm., 
values  between  0.026  and  0.031  for  A.  proteus,  '^^  0.023  for  Pelomyxa,  =" 
and  between  0.125  and  0.25  for  fresh-water  peritrichs.  ^'■^■'  These  values  are 
low  compared  with  permeability  constants  of  3  for  human  erythrocytes  and 
0.4  for  fertilized  Arbacia  eggs.  It  appears  that  there  is  no  close  correlation 
between  the  permeability  of  the  diflFerent  species  for  water  and  volume  regula- 
tion. Lower  permeability  to  salt  than  to  water  was  indicated  for  marine  peri- 
trichs by  their  tendency  to  swell  when  vacuolar  output  was  reduced  by  cyan- 
ide. ^'■^''  A  high  outward  permeability  to  salt  in  Amoeba  mira  is  shown  by  the 
observation  ^'^■'  that  when  the  animal  was  transferred  from  100  per  cent  to 
5  per  cent  sea  water  the  volume  increased  fivefold  in  12  minutes  and  then 
after  90  minutes  decreased  to  the  original  size.  During  this  decrease  in  size  of 
3000  ij:\  only  700  fx-^  of  water  went  out  by  way  of  the  xacuoles.  1  he  rest  must 
have  gone  out  across  the  body  surface. 

It  is  probable  that  Protozoa,  like  most  other  animal  cells,  are  more  permeable 
to  CO..  and  urea  than  to  other  nonelectrolytes.  Considerable  shrinkage  of 
marine'  peritrichs  (Cothiirnia)  in  isotonic  solutions  of  sucrose,  glycerol,  and 
even  urea,  indicates  a  verv  low  inward  permeability  for  these  nonelectro- 
lytes. ''■"''  Several  parasitic  ciliates  failed  to  take  up  vital  dyes  when  the  _cyto- 
pharvnx  was  closed,  but  accumulated  dyes  readily  when  it  was  open.  '■"  It 
would  be  of  interest  to  studv  the  permeability  of  those  parasitic  species  which 
lack  oral  openings.  There  is  much  variation,  but  Protozoa  in  general  are  cells 
of  relativelv  low  permeability.  ■         c   u 

Osmolar  Concentration  of  Cytoplasm.  The  osmolar  concentration  ot  the 
cvtoplasm  of  marine  and  parasitic  Protozoa  is  probably  similar  to  the  concen- 
tration of  the  medium  in  which  they  live.    Minimal  shrinkage  of  Amoeba 
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proteus  occurred  in  0.005  M  lactose  ^"^^  and  that  of  Vorticella  in  0.0125  M 
lactose,  "-  hence  the  osmotic  concentration  of  the  cytoplasm  in  the  respective 
organisms  must  be  slightly  less  than  these  values.  Kamada  ^-'  reasoned  from 
contractile  vacuole  responses  that  in  a  very  dilute  medium  (approaching  dis- 
tilled water)  the  osmotic  concentration  of  the  cytoplasm  of  Parmnecimn  is 
equivalent  to  0.025  M  NaCl.  Measurements  of  the  vapor  pressure  of  Spirosto- 
mwn  cytoplasm  -*^*^  gave  a  value  corresponding  to  0.025  M  NaCl.  It  is  of 
interest  that  the  oxygen  consumption  of  Paramecium  is'minimal  in  4  per  cent 
sea  water  (^0.024  M  NaCl).'*'^  Hoptophrya,  a  ciliate  from  the  gut  of  sala- 
manders, is  rounded  and  turgid  in  salines  more  dilute,  and  flat  and  wrinkled 
in  salines  more  concentrated,  than  0.5  Ringer  solution  (0.06  M).^^^  Con- 
ductivity measurements  are  not  strictly  comparable,  but  conductivities  corre- 
sponding to  the  following  concentrations  of  KCl^'^  were  found:  Amoeba 
proteus  0.01  N  KCl,  Paramecium  0.06  N  KCl,  and  Spirostomum  0.0385  N 
KCl.  It  seems  certain  from  the  preceding  observations  that  the  osmotic  con- 
centration of  fresh-water  Protozoa  in  their  natural  medium  is  5  to  10  times 
lower  than  that  of  most  other  fresh-water  animals,  and  that  the  concentration 
of  Amoeba  proteus  cytoplasm  is  less  than  that  of  the  cytoplasm  of  Paramecium 
or  Spirostomum. 

Function  of  the  Contractile  Vacuole.  Contractile  (c.)  vacuoles  eliminate 
water  and  help  to  maintain  a  constant  volume.  In  marine  and  parasitic  pro- 
tozoa the  c.  vacuole  eliminates  water  of  a  nonosmotic  source,  i.e.,  water  from 
food  and  metabolic  water.  The  low  permeability  of  the  cell  surface  to  salts 
mentioned  previously  raises  the  possibility  that  the  c.  vacuole  may  also  func- 
tion in  the  elimination  of  salt.  Nothing  is  known  of  specific  ionic  regulation  in 
marine  Protozoa,  and  the  c.  vacuoles  may  well  eliminate  certain  ions  differ- 
entially. 

Evidence  that  the  c.  vacuole  functions  in  osmotic  regulation  comes  from 
the  distribution  of  c.  vacuoles  among  protozoa  in  different  habitats  as  given 
in  the  following  tabulation.  ^^'^ 


Class 

Fresh  water 

Marine 

Endoparasitic 

Rhizopoda 
Flagellata 

present 
present 

present  in  few 
present  in  many 

absent 

absent  from  nearly  all 

Ciliata 
Sporozoa 

present 

present  in  most 

present  in  many 
absent 

This  table  shows  that  in  all  fresh-water  Protozoa  a  contractile  vacuole  is 
present.  It  is  absent  from  most  endoparasites  except  among  ciliates.  It  is 
present  in  many  marine  Protozoa.  Kitching  ^•''  suggested  that  the  much 
higher  occurrence  of  vacuoles  among  marine  ciliates  than  among  rhizopods 
may  be  a  holdover  from  previous  fresh-water  habitat.  It  seems  more  likely  that 
it  is  correlated  with  the  lower  salt  permeability  and  poorer  volume  adjustment 
in  marine  ciliates  than  in  rhizopods,  as  indicated  above.  It  is  also  possible  that 
the  c.  vacuole  functions  in  ionic  regulation  in  marine  Protozoa;  the  ionic 
composition  of  marine  protozoans  is  unknown. 

Further  evidence  for  osmotic  function  of  the  c.  \'acuolc  comes  from  its  out- 
put of  (luid  under  different  natural  conditions.  Both  the  maximum  volume 
and  the  pulsation  frequency  of  the  c.  xacuoles  must  be  considered,  to  get  a 
measure  of  the  total  water  excretion.    Further,  measurements  must  be  made 
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in  a  hanging  drop  or  in  such  a  chamber  that  covcrglass  pressure  and  other 
experimental  conditions  do  not  influence  the  rate.  Measurements  must  be 
made  on  nonfeeding  individuals.  When  these  precautions  are  taken,  there 
is  little  doubt  that  freshwater  Protozoa  eliminate  more  fluid  by  their  c.  vacu- 
oles than  do  marine  or  endoparasitic  forms  in  natural  media.  A  summary  of 
all  available  data  on  vacuolar  output  was  made  by  Kitching.  '''^  The  time 
required  to  eliminate  a  quantity  of  water  equal  in  volume  to  the  body  of  the 
animal,  for  fifteen  fresh-water  species  (except  one),  ranged  between  4.1  and 
53  minutes,  whereas  for  four  marine  species  it  was  2^4  to  4^/4  hours,  and  for 
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Fig.  18.  Rate  of  excretion  in  cubic  micra  of  fluid  per  hour  per  cubic  micron  of  proto- 
plasm in  Amoeba  mira  adapted  to  different  dilutions  of  sea  water:  O  actively  feeding 
specimens;  (D  nonf ceding  specimens.   From  Mast  and  Hopkins.'" 

one  endoparasitic  ciliate  (measured  in  fresh  water)  it  was  4  hours.  More  recent 
data  on  marine  and  fresh-water  forms  are  in  agreement. 

Further  evidence  for  the  osmoregulating  function  of  c.  vacuoles  comes  from 
data  on  Protozoa  transferred  experimentally  to  solutions  of  various  osmotic 
concentrations.  A  few  examples  will  be  selected  from  the  voluminous  litera- 
ture. 

Numerous  marine  and  parasitic  Protozoa  can  be  cultured  in  media  of 
different  tonicities.  Amoeba  vi'ira  can  live  in  distilled  water  or  in  sea  water 
concentrated  to  one-tenth  volume  by  boiling.  The  average  size  of  the  amoebae 
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is  not  significantly  different  once  they  are  adapted  in  media  of  different  tonici- 
ties. Figure  18  gives  the  rate  of  fluid  elimination  as  a  function  of  external 
concentration.  In  actively  feeding  specimens  "the  rate  of  elimination  is  in- 
versely linearly  proportional  to  the  concentration  of  the  culture  fluid."^^'"' 

Vahlkampfia  calkensi,  an  amoeba  parasitic  in  the  oyster  digestive  tract,  was 
kept  growing  and  multiplying  in  sea  water  on  agar.  ^^"^  Under  these  condi- 
tions it  had  no  contractile  vacuole.  When  it  was  transferred  to  a  similar  agar 
culture  made  up  with  tap  water  or  distilled  water,  one 'or  more  vacuoles  devel- 
oped and  pulsated  regularly.  The  more  active  the  amoebae  were,  the  more 
frequent  the  pulsations. 

Several  species  of  marine  Peritricha  survive  in  dilute  sea  water.  In  a  dilute 
medium  the  volume  rises  slightly;  the  vacuolar  output  initially  rises,  then 
decreases  to  a  new  steady  value  higher  than  that  occurring  in  100  per  cent 
sea  water  (Fig.  19).  It  was  possible  to  balance  exactly  the  increased  vacuolar 
output  by  adding  a  nonelectrolyte  of  proper  concentration.  Kalmus  ^-^    made 
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Fig.  19.  Body  volume  in  cubic  micra  (upper  half  of  figure)  and  excretory  output  from 
contractile  vacuole  (lower  half  of  figure)  in  marine  peritrich  Cothtirnia  successively  in 
normal  sea  water,  in  I2V2  per  cent  sea  water,  in  121/2  per  cent  sea  water  containing  m/500 
cyanide,  in  llVi  per  cent  sea  water,  in  I2V2  per  cent  sea  water  containing  m/500  cyanide, 
in  121/2  per  cent  sea  water,  and  in  normal  sea  water.   From  Kitching.^^^ 

similar  observations  on  the  marine  ciliate  Amphileptus  gutta.  After  a  week  in 
70  per  cent  sea  water  the  vacuolar  rate  was  21  per  cent  higher  than  in  normal 
sea  water;  in  60  per  cent  sea  water  and  lower  concentrations,  hypervacuohza- 
tion  was  noticed. 

Numerous  fresh-water  Protozoa  show  eflfects  the  reverse  of  those  shown  by 
marine  Protozoa.  The  fresh-water  Amoeba  x^errucosa  has  been  cultured  in 
10  per  cent  sea  water.-"^"  When  the  sea  water  concentration  was  increased 
gradually  the  pulsation  slowed  and  the  contractile  vacuole  finally  disappeared. 
No  vacuole  was  seen  when  the  animals  were  in  50  per  cent  sea  water.  When 
fresh  water  was  added,  the  vacuole  reappeared. 

Similarly  fresh-water  peritrichous  ciliates  showed  considerable  slowing  of 
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pulsation  of  the  c.  vacuoles  in  very  dilute  sea  water.  In  concentrations  higher 
than  12  per  cent  sea  water  all  pulsations  stopped.'-'^  Euplutes  patella  kept 
in  65  per  cent  sea  water  often  contained  a  large  vacuole  which  did  not  con- 
tract. 25^ 

More  adaptation  experiments  have  been  carried  out  with  Paramecium 
caiidatum  than  with  any  other  species.  When  Paramecium  is  lirst  put  into  a 
hypertonic  solution  the  body  becomes  flattened  as  water  is  withdrawn  but 
later  recovers  its  normal  shape."'  ^-^'  In  increased  external  concentrations 
the  amount  of  fluid  expelled  by  the  contractile  vacuoles  decreases."''-  '*■'■  ^-" 
In  Paramecium  caudatum  1"^  the  vacuolar  excretion  of  fluid  decreased  in 
salt  solutions  of  increasing  concentrations  as  follows: 

Vacuolar  o^itpiit  of 

fluid  in  equivalents  Per  cent  NaCl 

of  body  volume  per  hour  solutio7i 

4.8  0 

1.38  0.5 

1.08  0.75 

0.16  1.0 

Cultures  of  Paramecium  xvoodruffi  and  Paramecium  calkinsi  were  established 
in  several  dilutions  of  sea  water.  ''^  After  5  months  the  average  intervals 
between  pulsations  of  the  c.  vacuoles  in  P.  woodruffi  were  13  seconds  in  fresh 
water,  22  seconds  in  25  per  cent  sea  water,  32  seconds  in  50  per  cent  sea  water, 
47  seconds  in  75  per  cent  sea  water,  and  65  seconds  in  100  per  cent  sea  water. 
P.  calkinsi  showed  an  average  interval  of  23  seconds  at  all  concentrations. 
Paramecium  ca^^datum  acclimated  much  less  readily  to  sea  water,  although 
Frisch  "^  did  culture  it  in  5  per  cent  sea  water  and  allowed  the  water  to  evap- 
orate so  that  in  24  to  42  days  the  culture  medium  was  equivalent  to  40  per 
cent  sea  water.  The  intervals  between  pulsations  of  the  c.  vacuoles  lengthened 
from  1 1  seconds  to  89  seconds,  although  some  recovery  of  rate  occurred  later 
in  the  40  per  cent  sea  water.  There  may  be  specific  salt  effects  in  addition  to 
tonicity.  For  example,  in  Paramecium  caudatum  '^^'  in  glucose  solution  of 
Af.p.=0.075  the  c.  vacuole  pulsated  at  2.4— 4.1/min.,  whereas  in  Ringer  solu- 
tion of  the  same  osmotic  concentration  the  rate  was  3.8-4.7/1  min.  and  in 
CaCl2  of  the  same  osmotic  concentration  it  was  4.2-7.2/min.  Differences  be- 
tween pulsation  rate  in  isosmotic  NaCl  and  glycerol  are  reported  for  Glaucoma 
colpoda  (Degen,  quoted  by  Metzner''")-  It  appears,  therefore,  that  the  c. 
vacuoles  of  Protozoa  have  an  osmoregulating  function  but  that  other  factors 
besides  tonicity  of  the  external  medium  may  affect  the  amount  of  fluid  ex- 
creted. In  marine  Protozoa  c.  vacuoles  eliminate  water  taken  in  with  food  and 
may  eliminate  ions. 

Avenues  of  Water  Entrance.  Three  routes  of  entrance  for  water  have  been 
described:  (1)  across  the  body  surface,  (2)  with  food,  and  (3)  through  the 
cytopharynx  membrane.  All  water  must  enter  through  the  body  surface  in 
nonfeeding  rhizopods  and  in  mouthless  parasitic  ciliates  (some  of  the  Opalini- 
dae).  The  values  given  previously  for  vacuolar  output  in  different  media 
are  largely  nonfeeding  determinations.  The  permeabiHty  to  water  as  given 
above  is  great  enough  that  if  the  cells  in  fresh  water  had  no  vacuoles  they 
could  not  survive  long.  For  example,  Pelomyxa  carolinensis  kept  without 
food  decreases   about   8  per  cent  in  volume  every   24   hours  for   3  days-" 
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and  loses  by  its  contractile  vacuoles  3.8  per  cent  of  its  body  volume  per  hour. 
Much  of  the  water  given  off  by  c.  vacuoles  has  entered  with  food.  If  marine 
Protozoa  are  isotonic,  no  water  can  enter  by  osmotic  gradient.  In  Amoeba  viira, 
for  example,  clear  vacuoles  appear  while  food  is  being  digested;  later  the 
vacuoles  expel  their  contents.  ^'^  No  large  vacuoles  appear  when  the  amoeba 
is  not  feeding  (Fig.  18).  In  fresh-water  Peritricha  ^-^^  the  rate  of  uptake  of 
water  by  the  food  vacuoles  is  8  to  20  per  cent  of  the  rate  of  fluid  output  by  the 
c.  vacuoles.  In  Paramecium  the  uptake  by  the  food  vacnoles  may  account  for 
30  per  cent  of  the  excreted  water.  *^^  There  is  a  good  correlation  between  rate 
of  food  vacuole  formation  and  rate  of  c.  vacuole  elimination.^ i-  ^^ 

A  third  route  of  water  intake,  utiHzed  by  ciliates,  is  through  the  pharynx 
surface.  Many  parasitic  ciliates  which  have  no  mouths  also  have  no  c.  vacuoles, 
although  this  is  not  a  universal  rule.  ^°^  In  Paramecium  c.  vacuoles  are  most 
active  while  the  animals  are  at  rest  and  pumping  water  toward  the  mouth,  as 
judged  by  currents  of  India  ink  particles. ■^*^'  '^^  The  vacuoles  are  less  active 
while  the  Protozoa  are  swimming  and  the  peristome  is  partly  closed.  A  group 
of  parasitic  ciliates,  the  Ophryoscolecidae,  from  the  stomach  of  cattle  are 
able  to  close  the  oral  passage;  when  this  is  done  the  pulsation  of  their  c. 
vacuoles  is  very  greatly  slowed. ^^'^ 

Protozoa  differ  in  the  way  they  take  in  water.  All  the  water  to  be  excreted 
must  have  entered  through  the  pellicle  in  mouthless  and  nonfeeding  animals. 
All  of  it  must  enter  through  the  food  vacuoles  in  animals  like  Amoeba  mira, 
which  have  no  vacuoles  when  not  feeding.  Much  water  enters  ciliates  by  way 
of  the  pharynx. 

Mechanism  of  Filling  of  the  Contractile  Vacuole.  There  are  three  theories 
of  the  filling  of  c.  vacuoles:  (1)  hydrostatic  pressure,  (2)  secretion  of  water, 
and  (3)  secretion  of  solute  with  subsequent  diffusion  of  water.  These  could 
be  resolved  if  a  method  were  available  for  removing  the  contents  of  a  vacuole 
and  measuring  its  osmotic  concentration. 

A  hydrostatic  filtration  theory  has  been  proposed.  -^^  The  colloid  osmotic 
pressure  of  the  cytoplasm  of  Spirostomum  is  2  cm.  HoO  and  the  hydrostatic 
pressure  is  4  cm.  H2O.  That  protozoan  cells  have  some  turgidity  is  indicated 
by  the  variety  of  their  shapes.  Hence  the  filtration  pressure  across  a  membrane 
which  would  not  pass  colloids  would  be  the  difference  between  the  hydro- 
static and  the  colloid  osmotic  pressure.  However,  as  Kitching  points  out,  the 
hydrostatic  pressure  would  be  no  less  if  water  is  squeezed  into  a  vacuole  con- 
tained inside  the  cell.  Also,  vacuoles  are  often  not  spherical.  This  theory, 
therefore,  cannot  apply. 

Secretory  work  is  done  in  c.  vacuole  production.  Evidence  for  this  comes 
from  the  use  of  respiratory  inhibitors.^^^-  ^^^'  ^^^  When  the  marine  peritrich 
Cothurnia  was  transferred  to  12.5  per  cent  sea  water  the  volume  increased 
and  vacuolar  output  also  rose;  when  cyanide  was  added  the  vacuolar  output 
declined  nearly  to  zero  and  the  cell  volume  increased  (Fig.  19).  A  fresh-water 
species  reacted  to  cyanide  by  similar  near-cessation  of  vacuolar  pulsation  and 
increase  of  volume,  but  when  0.05  M  sucrose  was  added,  in  addition  to  the 
cyanide,  the  volume  remained  constant  even  though  no  vacuolar  pulsations 
occurred.  Other  respiratory  inhibitors  such  as  HjS  and  urethane  had  similar 
effects. 

Secretion  is  further  evidenced  by  the  association  of  granules  with  vacuole 
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formation.  The  granules  in  the  vacuoles  oF  Amoeba  viira  stain  with  Janus 
green  B;  similar  granules  (mitochondria  or  mitochondria-like)  occur  around 
incipient  contractile  vacuoles  in  Amoeba  proteiis,  and  there  is  a  rough  correla- 
tion between  vacuole  frequency  and  number  of  granules.  '^'^  Osmium-stain- 
ing granules,  presumably  Golgi  bodies,  occur  near  the  vacuoles  of  many  cili- 
gjgg  84,  157  Weatherby--*^  has  reviewed  in  detail  the  relation  between  granules 
and  vacuole  formation.  Frequently  a  small  vacuole  or  vesicle  contains  a 
granule  which  appears  to  dissolve  as  the  vesicle  grows.*""' 

There  is  little  doubt,  then,  that  oxidative  secretion  is  involved  in  filling  the 
contractile  vacuole  in  Protozoa,  but  whether  solute  or  water  or  both  are 
secreted  remains  to  be  demonstrated. 

Kitching  *■"  favors  the  hypothesis  that  water  or  very  dilute  solution  is 
secreted.  Nonfeeding  Protozoa  often  continue  to  put  out  large  quantities  of 
water  for  days  in  a  very  dilute  medium.  When  the  baling  out  of  water  is 
stopped,  the  cells  swell. 

An  alternative  theory  is  that  solute  is  secreted  first  and  that  water  then  enters 
the  small  vacuole  by  diftusion.^*'*^'  '^^  In  Amoeba  m'lra  the  small  vacuoles 
often  originate  in  association  with  food  vacuoles.  The  time  required  for  a 
given  increase  in  size  of  vacuoles  in  this  species  is  less  in  2.5  per  cent  than  in  5 
per  cent  sea  water,  hence  Mast  and  Hopkins  conclude  that  in  this  marine 
species  the  cytoplasm  is  isotonic  with  the  medium,  that  the  vacuoles  are 
hypertonic  when  they  start  and  are  isotonic  when  fully  grown.  In  nonfeeding 
specimens  of  Amoeba  m'lra  many  small  vacuoles  are  seen  to  contain  granules 
and  not  to  discharge  water.  When  active  feeding  starts,  these  granules  go  into 
solution,  becoming  osmotically  active,  and  the  vacuoles  swell.  When  an 
Amoeba  lacerta  is  transferred  from  5  per  cent  sea  water  to  100  per  cent  sea 
water  the  size  of  the  vacuole  as  well  as  the  size  of  the  amoeba  decreases  during 
a  period  of  V2  to  3  hours.  ^^^  By  crushing  under  a  coverslip  free  vacuoles  are 
obtained;  these  swell  in  more  dilute  or  shrink  in  higher  concentrations  of  sea 
water.  The  vacuole  of  this  species,  then,  appears  to  contain  osmotically  active 
material. 

The  rate  of  growth  of  vacuoles  has  been  said  to  be  linear;-'  ^^-^  however, 
these  measurements  were  taken  at  wide  intervals.  When  very  frequent 
measurements  were  made  '^'*  on  the  vacuole  of  Amoeba  proteiis  it  was  found 
that  the  c.  vacuole  grows  in  a  stepwise  fashion  as  the  small  vacuoles  fuse  with 
the  c.  vacuole.  No  change  in  size  of  the  c.  vacuole  occurred  during  quiescent 
periods  of  as  long  as  120  seconds.  This  indicates  that,  unless  the  vacuolar 
membrane  is  impermeable  to  water,  the  contents  must  be  cquimolar  with  the 
surrounding  cytoplasm. 

The  principal  argument  against  the  theory  of  secretion  of  solute  has  been 
the  supposed  amount  of  solute  needed.  '-^^  Calculations  based  on  the  assump- 
tion that  the  final  concentration  of  the  vacuolar  fluid  is  the  same  as  that  of  the 
cytoplasm  fail  to  support  this  objection.  If  the  osmotically  active  material  is 
assumed  to  have  a  molecular  weight  and  density  of  one  of  the  smaller  amino 
acids  (M.W.=:100),  for  Amoeba  protens,  which  has  a  cytoplasmic  concentra- 
tion of  about  0.05  M  and  which  excretes  110  cubic  micra  per  second  (39  X 
10"^  cm.'Vhi"-),  the  amount  of  such  solute  needed  would  be  1.1  X  10"" 
cm.yhr.,  whereas  the  volume  of  the  animal  is  2.5  X  lO-*"'  cm.'*  Nonfeeding 
Peloniyxa  carolinensis  decrease  about  8  per  cent  in  volume  every  24  hours.  It 
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is  entirely  possible,  then,  that  sufficient  solute  could  be  secreted  to  permit  the 
osmotic  filling  of  the  c.  vacuoles.  Similar  calculations  for  marine  and  brackish 
protozoans  are  reasonable  if  it  is  assumed  that  the  vacuolar  fluid  contains  salt 
equivalent  in  concentration  to  the  medium. 

Efficiency  of  Contractile  Vacuoles.  The  efficiency  of  c.  vacuoles  in  volume 
and  concentration  regulation  is  not  perfect.  In  cells  such  as  marine  eggs  the 
product  of  the  osmotically  active  volume  times  the  concentration  is  a  constant, 
K.  In  Amoeba  mira  the  volume  increases  initially  in  dilute  medium  but  in  an 
hour  and  a  half  adjustment  has  occurred  so  that  the  equilibrium  volume  is 
constant  in  all  dilutions.  In  Amoeba  mira  the  product  of  the  vacuolar  output 
(yu,  ^/sec.)  at  equilibrium  times  the  external  concentration  is  exceedingly  con- 
stant; this  indicates  that  the  osmotic  concentration  of  A.  mira  and  its  water 
permeability  are  similar  in  sea  water  and  in  fresh  water.  ^"^^ 

When  marine  peritrichous  ciliates  are  transferred  to  dilute  sea  water  the 
vacuolar  output  is  initially  high,  then  declines  to  a  little  above  the  output  in 
100  per  cent  sea  water  while  the  body  volume  remains  elevated  (Fig.  19). 
When  vacuolar  output  is  multiplied  by  the  osmolar  concentration,  K  increases 
by  several  times  in  going  from  100  per  cent  to  20  per  cent  sea  water;  K  also 
increases,  although  by  a  smaller  amount,  when  the  body  volume  increase  is 
considered. ^^^'  ^"^^  The  vacuolar  output  increases  out  of  proportion  to  the 
decrease  in  external  concentration.  Other  data  ^^^  agree  in  showing  an 
increasing  K  with  decreasing  concentration  down  to  approximately  30  per 
cent  sea  water,  but  below  this  K  decreased,  probably  because  equilibrium  was 
not  established.  Also  in  the  fresh-water  Rhahdostyla  hrevipes^^'^-  ^^^  K  is 
greater  in  dilute  than  in  concentrated  media.  In  these  ciliates,  the  relative 
increase  in  water  output  in  dilute  solutions  indicates  an  increase  in  rate  of 
entrance  of  water.  In  the  ciliates  volume  changes  persist  and  the  relation 
between  excretion  and  concentration  fails  to  be  linear,  whereas  in  Avioeba 
m^ira  volume  regulation  occurs  and  the  relation  between  excretion  and  tonicity 
is  regular. 

The  species  differences  in  water  and  salt  permeability,  the  striking  differ- 
ences in  adaptability  among  the  three  species  of  Paramecium  mentioned  above, 
the  irregularity  of  pulsations  of  vacuoles  of  many  marine  forms  in  dilute  media 
and  the  differences  in  reactions  in  different  solutes  indicate  that  contractile 
vacuoles  are  complex  mechanisms.  The  process  of  filling  may  not  be  the  same 
in  all  Protozoa  in  all  media.  Many  questions  will  be  answered  when  direct 
osmotic  measurements  of  the  vacuolar  contents  and  of  the  cytoplasm  are 
possible. 


AN  INVASION  OF  THE  OCEANS  FROM  FRESH  WATER;  FISHES 

The  history  of  fishes  represents  a  migration  from  fresh  to  salt  water.  Fishes 
as  a  group  seem  to  have  arisen  in  fresh  water.  During  the  Silurian  and  Devon- 
ian periods  numerous  groups  of  fish— ostracoderms,  elasmobranchs,  dipnoans, 
and  ganoids— inhabited  fresh  water.  Fossil  records  show  that  in  the  late  Devon- 
ian and  early  Carboniferous  periods  there  were  marine  elasmobranchs  but 
these  died  out  and  new  migrations  occurred  in  the  Jurassic  and  Cretaceous 
periods.  Bony  fish  have  been  in  the  ocean  at  most  since  the  Cretaceous  period. 
Some  modern  fish  (teleosts)  have  reinvaded  fresh  water,  whereas  others 
(holosteans)  have  lived  continuously  in  fresh  water.    Numerous  migrations 
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have  occurred  and  certain  marine  fish  are  not  independent  of  fresh  water;  some, 
like  salmon,  return  to  fresh  water  to  spawn  (anadromous).  Conversely  others, 
like  the  eels,  breed  in  the  ocean  and  reach  maturity  as  adults  in  fresh  water 
(catadromous).  This  summary  of  the  history  of  Hshes  is  based  on  paleontologi- 
cal  evidence,  which  has  been  strongly  supported  by  observations  on  osmoregu- 
lation."^' --■^  Much  of  the  following  account  is  from  Smith;  more  recent 
work  fully  supports  his  hypotheses.  The  kidney  arose  in  freshwater  provcrte- 
brates  as  an  organ  which  gets  rid  of  water,  and  in  no  fish  is  the  kidney  of 
primary  importance  in  excretion  of  nitrogenous  wastes. 

Fresh- Water  Fish.  In  fresh  water  the  blood  of  fishes  has  an  osmolar  con- 
centration of  130-170  mM,  and  the  urine  is  copious  but  dilute.  The  gar  pike, 
for  example,  in  water  of  Ao=0.03  has  a  blood  concentration  of  Ai=0.57  and 
a  urine  concentration  of  Au=0.08.  Volume  of  urine  is  high  (200-400  ml./ 
kg./day).  --■*  Fresh-water  fish  are  reported  to  drink  little  water,  although 
measurements  of  the  accumulation  in  the  gut  of  colloidal  material  susix^nded 
in  the  medium  indicate  that  goldfish  do  drink  some  water.  ^"  The  skin  is 
relatively  impermeable  to  water,  *'-  but  much  water  enters  through  gill  and 
oral  membranes. 

Some  fresh-water  fish  can  withstand  transfer  to  dilute  sea  water.  Figure 
21  ""^  shows  that  when  a  carp  is  gradually  introduced  into  water  of  increasing 
salinity  the  blood  concentration  increases  only  slightly  at  first,  then  in  concen- 
trations above  Au— 0.6  it  adjusts  to  the  medium.  ''-  On  direct  transfer  to  the 
salt  medium  the  blood  does  not  adjust  readily  when  the  concentration  of  the 
medium  is  greater  than  Ao=:0.68,  and  the  condition  of  the  fish  is  bad  in  any 
concentrations  higher  than  this. 

The  inward  stream  of  water  through  the  gill  and  oral  membranes  provides 
a  water  load,  and  the  glomeruli  of  the  kidneys  normally  filter  a  considerable 
volume  while  the  tubules  reabsorb  most  of  the  salts,  leaving  a  dilute  urine. 
However,  the  urine  is  not  as  dilute  as  the  external  medium,  hence  salt  loss  must 
be  compensated.  Part  of  the  salt  comes  from  food.  A  second  part  of  the  needed 
salt  is  absorbed  by  special  secretory  cells  located  on  the  gills,  as  shown  by  the 
use  of  a  chamber  which  separates  the  water  bathing  the  anterior  part  from  that 
bathing  the  posterior  part  of  the  fish.  Krogh  i-*i"  removed  some  of  the  salts 
from  fresh-water  fish  of  numerous  species  by  keeping  them  in  running  dis- 
tilled water.  Salt  loss  was  gradual,  but  occurred  more  rapidly  if  any  skin  injury 
had  occurred.  Much  of  the  salt  was  lost  by  way  of  the  kidneys,  but  with  a 
divided  chamber  it  was  shown  that  some  goes  out  through  the  gills.  Krogh 
then  put  the  fish  into  very  dilute  salt  solutions  and  they  absorbed  chloride 
against  a  gradient.  A  catfish  (Ameiurus),  for  example,  which  had  previously 
lost  considerable  salt,  took  up  salt  from  1  mM  NaCl  or  NaBr.  The  roach 
(Xeticiscus  riitilns)  in  a  medium  of  CI"  concentration  of  0.042  mM  began  to 
absorb  chloride  after  considerable  initial  loss,  and  one  fish  took  up  chloride 
from  as  dilute  a  medium  as  0.02  mM.  The  goldfish  (Carnsshis  miratiis)  could 
reduce  the  CI"  concentration  from  1  mM  to  0.02  mM.  Ordinary  chlorinated 
tap  water  contains  about  0.3  mM  of  CI"  per  liter,  and  pond  water  usually 
contains  less.  Acerina  cernua,  the  ruffle,  and  the  perch,  Perca  fhivlatilis,  con- 
tinued to  lose  salt  in  all  dilute  solutions  tested  and  died  after  10  to  14  days 
without  food,  although  there  was  some  evidence  of  CI  ^  absorption  from  con- 
centrations of  1  mM  and  higher.  These  fish  must  depend  largely  upon  food 
to  replace  lost  salt. 
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Marine  Fish,  In  the  ocean  the  problem  is  to  conserve  water  and  exclude 
salts,  and  the  water-excreting  glomerular  kidney  is  a  liability.  The  blood  of 
marine  teleosts  is  not  much  more  concentrated  than  that  of  fresh-water  fish. 
In  other  words,  a  mechanism  for  maintaining  a  high  degree  of  hypotonicity 
is  necessary.  The  urine  is  scanty,  2.5  to  4  cc./kg./24  hours  in  sculpin  and 
toadfish.  ^^  The  urine  is  always  hypotonic  to  the  blood,  and  there  is  no  rela- 
tion between  urine  flow  and  CI"  content,  fience  there  must  be  some  other 
route  for  getting  rid  of  salt  which  enters  osmotically.  Smith"-^  found,  by  the 
use  of  dyes  and  a  divided  chamber,  that  marine  fish,  unlike  fresh-water  ones, 
swallow  large  quantities  of  water  and  that  both  water  and  salt  are  absorbed 
from  the  intestine.  The  intestinal  concentration  decreases  down  the  gut  and 
approaches  that  of  the  blood,  hence  there  is  no  significant  separation  of  salt 
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Fig.  20.   Schematic  representation  of  the  kidney  unit  (nephron)  of  different  vertebrates. 
(Elasmob ranch  modified  from  Kempton,^""  others  from  Marshall."'^) 


from  water  and  elimination  of  salt  in  the  digestive  tract.  Nitrogenous  wastes 
are  excreted  by  way  of  the  gills.  When  the  pyloric  end  of  the  stomach  is  tied, 
urine  formation  falls  off,  body  weight  declines,  and  death  results.  *^  The 
urine  salts  are  largely  Mg+  +  ,  Ca++,  S04=,  and  phosphate,  and  most  of  the 
Na+,  K+,  and  Cl~  absorbed  must  be  excreted  extrarenally.  Also  only  part  of 
the  water  drunk  is  excreted  in  urine.  An  eel  in  sea  water  excretes  only  20  per 
cent  of  its  fluid  by  the  kidney.  The  sculpin,  daddy  sculpin,  goosefish,  haddock, 
and  others  all  show  zero  or  low  Cl~  in  their  urine,  but  with  handling  the  fish 
become  diuretic  and  Cl~,  Mg++,  S04=,  and  phosphate  in  the  urine  are 
increased. -°- 

In  view  of  the  reduced  urine  output  it  is  not  surprising  to  find  less  well 
developed  kidneys  in  marine  teleosts  than  in  fresh-water  fish.    As  shown  in 
Figure  20,  some  of  them  lack  glomeruli  and  the  tubules  are  relatively  short.  ^'^^ 
In  Opsanns  tau,  the  toadfish,  and  Lophiiis,  the  goosefish,  for  example,  glomeru- 
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li  are  absent  in  adults,  although  there  may  be  pscudoglomeruli  in  the  voung. 
In  the  toadfish  ^^  the  urine  flow  is  only  2.5  ml.,  kg./dav  as  compared  with 
300  ml./kg./day  in  fresh-water  catfish.  Apparently  the  glomeruli  degenerate 
with  age  and  become  nonfunctional.  The  t\picai  marine  teleostean  kidney 
lacks  the  distal  convoluted  segment  in  the  tubules.  It  is  as  if  the  glomerulus, 
an  adaptation  for  filtration  of  water,  and  the  distal  convoluted  tubule,  which 
reabsorbs  salt  in  fresh-water  forms,  have  been  lost  with  disuse.  Grafllin'*'^ 
described  a  Siamese  pipefish  (Microphis  hoaja)  which  has  reinvaded  fresh 
water  and  lacks  both  glomerulus  and  distal  convoluted  segment;  hence  glom- 
eruli are  not  a  sine  qua  non  for  life  in  fresh  w^ater. 

Excretion  by  an  aglomerular  kidney  is  essentially  tubular  secretion.  Phenol 
red  and  numerous  acid  dyes  are  concentrated  by  the  aglomerular  toadfish 
kidney.  ^^^  A  normal  sculpin  can  excrete  such  a  supersaturated  Mgl  1P04 
that  the  urine  is  turbid.  -°- 

That  the  gills  are  the  route  of  extrarenal  excretion  was  clearly  shown  in  the 
eel  by  perfusion  of  a  heart-gill  preparation.  '■'"  Chloride  is  secreted  outward 
into  sea  water  containing  nearly  three  times  as  much  CI  as  the  blood.  When 
the  perfusion  fluid  in  the  blood  vessels  was  increased  in  osmotic  concentration, 
the  chloride  transported  outward  was  increased.  When  eels  are  in  fresh  water 
the  blood  freezes  at  about  —0.11°  and  at  this  internal  concentration  Kevs 
found  Httle  or  no  outward  secretion  of  Cl~.  Thus  the  active  chloride  transport 
by  the  gills  is  an  adaptation  to  marine  and  brackish-water  life.  It  is  calculated 
that  the  gill  activity  costs  0.1-0.3  cal./gm.  of  gill  tissue/hr.-"  Schlieper-'"* 
confirmed  Keys'  experiments  and  showed  that  water  and  CI"  are  transported 
independently  by  the  gills.  Secretion  of  NaCl  could  be  stimulated  by  XaCl, 
Na2S04,  glucose,  or  saccharose.  In  the  epithelium  of  the  gills  of  Fundulus 
are  secretory  cells  which  appear  to  eliminate  chloride  when  the  fish  is  in  sea 
water  and  to  take  in  chloride  when  the  fish  is  in  fresh  water.  ''•'  When  the 
fish  are  in  sea  water  or  when  fresh-water  fish  are  injected  with  sodium  chloride, 
these  cells  contain  a  distal  vesicle  which  gives  a  histochemical  test  for  chloride. 

Marine  teleosts,  therefore,  maintain  blood  concentratio"ns  similar  to  those  of 
fresh-water  teleosts;  their  kidneys  still  excrete  urine  hypotonic  to  the  blood. 
The  kidneys  are,  then,  a  liability,  and  the  distal  convoluted  tubule  and,  in 
some  fish,  the  glomeruli  are  lost.  To  rid  themselves  of  excess  salt  the  fish  drink 
much  sea  water  and  excrete  by  way  of  the  gills  (and  possibly  oral  membranes^ 
considerable  salt  and  nitrogenous  wastes.  It  may  be  that  Amphibia  have  not 
successfully  invaded  the  ocean  because  of  the  lack  of  a  mechanism  of  extra- 
renal salt  elimination. 

Anadromous  and  Catadromous  Fish.  Many  fish  can  live  in  either  fresh  or 
salt  water.  In  general,  their  curves  relating  internal  to  external  concentration 
are  relatively  flat.  The  blood  of  salmon  in  Monterey  Bay  freezes  at  —0.762°, 
blood  of  the  salmon  from  the  head  of  the  tidal  water  on  the  Sacramento  River 
freezes  at  —0.737°,  while  blood  from  fish  at  their  fresh-water  spawning 
grounds  freezes  at  —0.668°.  ^^  Thus  the  king  salmon  blood  is  diluted  by 
about  12  per  cent  on  going  to  its  breeding  territory.  Comparable  values  were 
found  for  Atlantic  salmon  in  brackish  and  fresh  water.  •'^- 

The  killifish,  Fmidiihis  hetewclmis,  lives  well  in  either  fresh  or  sea  water. 
When  it  is  transferred  from  one  medium  to  the  other  there  is  a  transitory 
initial  gain  (F.W.)  or  loss  (S.W.)  of  weight.  Acclimatization  as  based  on  body 
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density  measurement  is  accomplished  in  6  hours  on  going  to  sea  water  or  in 
24  hours  on  going  to  fresh  water.  The  body  density  decHne  in  fresh  water  is 
due  partly  to  chloride  loss  and  partly  to  increase  in  gas  volume  in  the  swim 
bladder.  Reverse  changes  occur  on  going  to  sea  water.  Thus  marked  changes 
in  density  can  occur  with  little  change  in  osmotic  concentration.  "*" 

Both  American  and  European  eels  breed  in  the  Sargasso  Sea  of  the  mid- 
Atlantic;  then  the  young  fish  migrate  to  fresh  water  where  they  mature. 
Osmotic  adaptation  in  the  European  eel,  Anguilla  vulgaris,  has  been  carefully 
studied.  Figure  21  shows  that  the  blood  is  hypotonic  in  sea  water  and  hyper- 
tonic in  fresh  water.  ^-  It  changes  in  concentration  in  going  from  the  ocean 
to  fresh  water  by  about  the  same  amount  as  that  of  the  king  salmon.  The 
osmoconcentration  of  blood  of  the  eel  is  as  follows:  in  sea  water  Ai=.73,  in 
fresh  water  Ai=-6l  (data  from  Keys^^^);  in  sea  water  Ai=.69,  in  fresh  water 
Ai=.62  (data  from  DuvaP^)  (Fig.  21). 

A  starving  Anguilla  in  either  fresh  or  sea  water  lost  0.2  to  0.5  per  cent  of 
its  weight  per  day.  ^^^  When  the  esophagus  was  blocked  with  a  balloon  the 
eel  died  in  sea  water  after  a  12  per  cent  loss  of  weight  in  3  days,  whereas  in 
fresh  water  it  lived  well  but  lost  0.7  per  cent  of  its  weight  per  day.  Thus  the 
eel  does  not  drink  fresh  water  but  does  drink  sea  water.  When  transferred  from 
fresh  to  sea  water  there  is  a  weight  loss  and  a  new  equilibrium  is  reached  in 
about  48  hours  if  drinking  is  permitted.  Conversely,  if  the  eel  is  transferred 
from  sea  to  fresh  water  there  is  an  initial  weight  increase.  According  to  Duval 
about  75  per  cent  of  the  osmotic  pressure  of  the  blood  is  due  to  NaCl,  and  the 
NaCl  concentration  of  the  blood  is  higher  in  sea  water  than  in  fresh  water; 
the  serum  protein  also  is  higher  in  sea  water.  ^^^ 

The  kidney  of  Anguilla  has  glomeruli,  also  a  distal  convoluted  segment, 
and  in  fresh  water  its  kidneys  behave  as  do  the  kidneys  in  typical  fresh -water 
fish.  In  addition,  Anguilla  has  a  very  low  skin  and  gill  permeability  to  both 
chloride  and  water.  Eels  in  distilled  water  lose  chloride  at  a  rate  about  one- 
twentieth  the  rate  of  loss  from  Sahno  irideus.''^^^^'  ^'^^  Krogh  was  unable  to 
obtain  evidence  for  chloride  absorption  from  dilute  solutions,  and  unfed  eels 
died  even  in  dilute  Ringer  solution  for  lack  of  salt  before  they  starved  for 
organic  material.  It  may  be  that  the  secretory  epithelium  can  concentrate 
chloride  outward  against  a  gradient  to  sea  water,  but  not  inward.  Duval  and 
others  maintained  that  the  mucus  which  surrounds  an  eel  is  a  protective  barrier 
which  decreases  permeability  to  water  and  to  salt,  but  Krogh  believes  that  the 
increased  permeability  after  mucus  removal  is  due  to  skin  injury  in  the  removal. 
Anguilla,  then,  in  the  ocean  is  hypotonic,  swallows  sea  water,  and  gets  rid  of 
salt  by  the  gills.  In  fresh  water  it  excretes  a  dilute  urine  with  its  glomerular 
kidneys,  replaces  salt  by  feeding,  and  shows  very  low  skin  permeability  to 
salt  and  water. 

Elasmobranchs  and  Cyclostomes.  Elasmobranch  fishes  are  today  largely 
marine,  although  palcontoiogical  evidence  indicates  that  they  were  once  more 
abundant  in  fresh  water. 

Osmoregulation  in  elasmobranchs  is  reviewed  by  Smith.  --^'  As  shown  in 
Table  2,  the  blood  is  al\va\'s  lupertonic  to  the  medium. 

The  salt  concentration  (if  the  blood  of  both  marine  and  fresh-water  elasmo- 
branchs is  of  the  same  order  as  that  in  fresh-water  teleosts,  but  the  osmotic 
pressure  of  the  blood  due  to  NaCl  is  only  41  to  47  per  cent  of  the  total.  ^'- 
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Most  of  the  osmotic  concentration  is  made  up  by  retention  of  huge  quantities 
of  urea  in  all  body  tissues  and  fluids.  Thus  the  elasmobranch  can  maintain 
the  same  osmotic  gradient  in  sea  water  as  in  fresh  water,  and  continues  to 
excrete  a  hypotonic  urine.  It  was  formerly  believed  that  the  kidney  unit  had 
a  special  segment  for  absorbing  urea,  but  this  is  not  correct  (Fig.  20).  '-'•  In 
the  dogfish  there  is  a  long  neck  segment,  a  wide  proximal  tubule  with  scattered 
cilia,  then  a  narrow  proximal  tubule  followed  by  a  long  distal  tubule  which 
winds  around  the  neck  segment.  Smith  estimates  that  an  average  daily  filtra- 
tion of  80  cc./kg.  is  necessary  to  the  formation  of  20  cc.  urine/kg.   The  skin 

TABLE  2.  OSMOTIC  CONCENTRATION  AND  UREA  IN  BODY  FLUIDS 
IN  ELASMOBRANCHS  (FROM  SMITH'"). 


Blood 

CI 

Urea 

Species 

Ao 

Asenun 

mM/li 

mg./li 

Au 

Raja  stabuliforis 

1.85 

1.93 

273 

2010 

1.685 

Raja  diaphenes 

1.85 

1.924 

272 

2143 

Squalus  acanthias 

1.33 

1.622 

234 

1490 

Raja  sp. 

1.484 

1.617 

224 

1855 

0.78-1.06 

Pristis  microdon 

0.0 

1.02 

170 

780 

0.10 

Carcharhinus  melanopterus 

0.0 

0.90 

158 

618 

Torpedo  ocellata 

1550-2000 

Torpedo  marmorata 

1450-1840 

Scyllium  canicula 

2080-2640 

and  gills  are  relatively  impermeable  to  urea  and  the  young  are  provided  with 
a  store  of  urea,  either  by  viviparity  or  by  placement  in  an  impermeable  egg  case 
containing  urea  until  they  develop  their  own  renal  mechanism  for  conserv- 
ing it. 

Smith  studied  elasmobranchs  which  live  in  fresh  and  brackish  water  in 
southeastern  Asia.  Table  2  shows  that  for  a  100  per  cent  increase  in  osmotic 
pressure  of  the  blood  on  going  from  fresh-water  species  to  marine  species  the 
urea  increases  by  nearly  100  per  cent  and  the  serum  Cl~  by  only  60  per  cent. 
The  urine  output  is  low  in  marine  elasmobranchs,  and  the  urine  is  concen- 
trated but  always  remains  hypotonic  to  the  blood.  Magnesium,  phosphate,  and 
sulfate  are  excreted  by  the  kidneys,  other  salts  extrarenally. 

The  abihty  of  individual  rays  and  doghsh  to  adapt  to  changed  tonicity  of 
medium  is  not  great.  The  dogfish  Scyllium  increased  in  weight  by  10  per  cent 
in  4  hours  after  transfer  to  80  per  cent  sea  water.  "''  The  limits  for  Scylliinn 
are  said  to  be  46  to  102  per  cent  sea  water.  '''- 

Osmotic  regulation  in  cyclostomes  is  not  understood.  Blood  of  the  marine 
Myodne  glutinosa  is  reported  to  be  hypertonic  --^  or  slightly  hypotonic  to  sea 
water.  ^'^  Another  marine  cyclostome  Polistotrema  stotiti  may  be  slightly 
hypertonic.  "^  The  chloride  concentration  of  the  blood  is  lower  than  that 
of  sea  water,  ^'^  and  the  urea  concentration  is  between  that  of  elasmobranchs 
and  that  of  the  teleosts.  ^^  Petromyzon  fluviatilis  from  fresh  water  shows  a 
serum  freezing  point  of  -0.48°  (Dekhuyzen,  from  Smith---*).  When  P. 
fluviatilis  was  put  into  33  per  cent  sea  water,  "^^  the  blood  concentrations  rose 
from  A  1=0.46  to  Ai=0.52  after  22  hours,  but  irregular  respiration  indicated 
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a  weak  condition.  It  is  certain  that  marine  cyclostomes  do  not  maintain  hyper- 
tonicity  by  urea  retention,  nor  are  they  as  dilute  as  teleosts. 


Fig.  21.  Concentration  of  blood  (Ai)  as  a  function  of  external  concentration  (Ao): 
O  the  elasmobranch  Scyllium;  •  in  a  fresh-water  eel;  in  a  carp  X  when  transferred 
directly,  and  ▲  when  adapted  gradually  to  dilute  sea  water;  and  ®  in  a  frog  (Rana). 
Data  from  Duval.'^ 

A  PREDOMINANTLY  FRESH- WATER  GROUP;  AMPHIBIA 

The  amphibia  are  a  group  of  fresh-water  animals.  Some  are  permanently 
aquatic;  others  spend  at  least  a  part  of  their  life  on  land.  Eggs  are  laid  either 
in  water  or  in  a  very  moist  environment. 

The  blood  of  a  frog  is  hypertonic  to  pond  water  (Rnwn  blood  Ai^O.563, 
Bufo  serum  Ai=0.761).  ^'^  The  urine  is  hypotonic  to  the  blood  and  is  more 
copious  in  a  dilute  than  in  a  concentrated  medium.  Bottazzi  adapted  frogs  to 
salt  solutions,  resulting  in  the  following  values: 


A.. 

Ai 

A. 

0.07 

0.44 

0.17 

0.70 

0.74 

0.70 

The  osmotic  behavior  of  frogs  has  been  extensively  studied.  Krogh^"*'^ 
summarizes  Overton's  observations,  and  Adolph^-  '^  reviews  the  work  by 
himself  and  his  students.  If  the  cloaca  of  a  frog  is  tied  shut  and  the  frog  is 
left  in  pond  or  tap  water,  the  body  weight  increases;  when  the  cloaca  is  later 
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untied,  urine  is  voided  and  the  weight  falls  to  the  original  value.  When  the 
concentration  of  the  medium  is  increased,  either  by  salt  or  sugar,  the  rate  of 
gain  of  weight  is  decreased  and  in  hypertonic  solutions  weight  is  lost.  Adolph 
calculated  that  at  20°,  water  equivalent  to  31  per  cent  of  the  body  weight  can 
enter  and  be  excreted  every  24  hours.  This  is  only  a  small  fraction  of  what 
would  enter  a  true  osmometer  of  similar  concentration  and  surface.  A  skinless 
frog  gains  weight  faster  than  a  normal  frog.  If  the  brain  is  destroyed  or  lesions 
are  made  in  the  midbrain  or  anterior  medulla,  but  not  in  the  spinal  cord,  the 
rate  of  water  intake  increases  at  once  by  as  much  as  4  to  5  times.  Slime  secre- 
tion may  be  important  in  decreasing  skin  permeability  to  water.  Adolph  found 
that  a  normal  frog  with  cloaca  open  will  gain  weight  for  25-50  hours  when 
placed  in  a  very  dilute  solution  of  NaCl,  but  not  in  sucrose.  Dilute  NaCl 
seems  to  stimulate  water  uptake  above  water  excretion,  even  though  in  dis- 
tilled water  the  same  frog  may  maintain  a  constant  weight. 

No  amphibian  has  become  totally  independent  of  a  moist  medium,  although 
many  do  not  lay  their  eggs  directly  in  pond  water,  and  some  toads  live  as  adults 
in  relatively  dry  air.  Needham^-"'  ^^^  lists  the  moisture-conserving  adapta- 
tions used  by  various  Amphibia  which  do  not  lay  their  soft-coated  eggs  in  pond 
water;  they  deposit  eggs  in  leaf  mold,  in  foam  in  holes  in  the  ground,  or  be- 
tween leaves  which  form  a  cup  to  collect  moisture.  The  rate  of  water  uptake 
by  tadpoles  during  the  first  day  after  hatching  is  three  times  the  rate  in  adults. 
Some  desert  Amphibia  develop  very  rapidly  and  the  adults  burrow  under- 
ground. '''^  One  burrowing  form,  ChirolepUis  platycephahis,  "can  store  so 
much  water  in  its  urinary  bladder,  subcutaneous  tissues  and  peritoneal  cavity 
.  .  .  that  it  is  occasionally  used  by  the  Australian  aborigine  as  a  source  of  drink- 
ing water."  A  few  frogs  are  known  to  breed  in  brackish  water, ^'*^  but  none  are 
truly  marine. 

The  water  content  is  similar  in  terrestrial  and  aquatic  anurans,  but  the 
terrestrial  species  survive  greater  loss  of  body  water,  as  shown  in  Table  3.  -^^ 

There  have  been  numerous  indications  that  the  inward  permeability  of 
the  amphibian  skin  for  water  is  greater  than  its  outvvard  permeability,  but 
experiments  with  heavy  water  on  frogs  ^^^  and  on  isolated  frog  skin  -'" 
led  Krogh  to  conclude  "that  an  irreciprocal  permeability  for  water  does  not 
exist  in  normal  frogs,"  although  some  water  may  be  carried  along  with  salt 
which  is  actively  transported. 

In  fresh  water  or  in  hypotonic  solutions  frogs,  like  most  fresh-water  fish, 
do  not  drink  water,  but  they  absorb  water  through  the  skin;  in  hypertonic 
solutions  (140  mM  NaCl),  they  do  drink  and  produce  a  concentrated  (but 
blood-hypotonic)  urine.  Adolph^  showed  that  the  skin  is  limited  protec- 
tion against  loss  of  water  by  evaporation  in  air.  At  100  per  cent  humidity 
at  20°C.  one  fifth  of  the  heat  produced  in  the  metabolism  of  the  frog  is  lost 
as  latent  heat  of  evaporation,  hence  the  frog  is  continually  at  a  higher 
temperature  than  the  air  and  could  never  take  up  water  from  saturated  air. 
However,  water  loss  by  way  of  the  skin  is  reduced  by  high  humidity.  Lesions 
to  the  midbrain  and  anterior  medulla  increase  skin  permeability  to  water, 
possibly  via  the  hypophysis.  ^ 

The  posterior  lobe  of  the  pituitary  (neurohypophysis)  acts  to  increase 
the  water  content  of  amphibians.  Injections  of  the  active  pituitary  principle 
caused  increase  in  weight  in  amphibia  according  to  species  in  the  following 
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order:  Necturus  vtaculatus  <:Rana  clamitans  <Rana  pipiens  <Bufo 
americanus.  '"'  This  order  is  the  same  as  the  order  of  decreasing  depend- 
ence on  a  water  medium.  Toads  are  unaffected  by  pituitary  injections  until 
the  end  of  metamorphosis,  when  they  become  terrestrial.  ^'"^  The  hormone 
increases  skin  permeability  to  water  in  amphibians  but  probably  not  in  other 
classes  of  vertebrates;  it  is  found,  however,  in  the  pituitary  of  other  verte- 
brates. '""  The  amphibian  water  balance  principle  has  not  been  proved  to 
decrease  urine  output  and  is  different  from  the  antidiuretic  hormone  of 
mammals.  Permeability  of  the  skin  to  water  is  greatly  increased  by  the 
principle. 

A  frog,  like  a  fish,  can  never  excrete  a  salt-free  urine.  The  salt  is  partly 
made  good  by  food,  but  the  ability  for  selective  salt  absorption  is  as  well 
developed  as  in  fresh-water  hsh.  Isolated  frog  skin  bathed  by  Ringer  solu- 
tion on  each  side  transports  chloride  from  the  outside  in.  ^^'^  Oxidative 
energy  is  necessary  for  this  process.  Frogs  kept  in  distilled  water  which  is 
changed  daily  lose  chloride  by  way  of  both  skin  and  kidneys.    The  loss  in 

TABLE  3.    VITAL  LIMIT  OF  WATER  LOSS 


Species 

%  Body  Wt. 
Lost 

%  Water 
Lost 

Water 
Content 

Habitat 

Scaphiopus  holbrookiii 

47.9 

60.2 

79.5 

terrestro-fossorial 

Bufo  boreas 

44.6 

55.8 

79.8 

terrestrial 

Hyla  regilla 

40.0 

50.3 

79.4 

terrestrial 

Hyla  cinerea 

39.3 

49.0 

80.1 

terr.-arboreal 

Rana  pipiens 

35.5 

44.9 

78.9 

terr.  semiaquatic 

Rana  aurora 

34.3 

43.0 

79.7 

semiaquatic 

Rana  grylio 

29.5 

38 

77.5 

aquatic 

urine  is  relatively  constant  (Cl~  in  urine  0.5  to  1  millimolar),  whereas  loss 
from  the  skin  starts  at  a  high  rate  and  declines  after  3  days  to  a  very  low 
level. '^"''  '^•'  When  the  frogs  are  replaced  in  tap  water  or  dilute  Ringer 
solution  an  active  uptake  of  salt  occurs.  In  tap  water  or  0.01  Ringer  solu- 
tion, chloride  was  taken  up  at  0.05  /xM/hr./cm.-  of  body  surface.^^^'''  ^^-'  ^^'^ 
This  ability  actively  to  absorb  sodium  and  chloride  from  dilute  solutions 
must  be  important  in  replenishing  the  body  salts  during  periods  when  food 
is  not  taken.    Axolotls  absorbed  salts  similarly. 

In  addition  to  salt  replacement  by  food  and  selective  absorption,  Am- 
phibia have  a  well  developed  ability  to  retain  salt  by  their  kidneys.  The 
functioning  of  the  amphibian  (frog  and  Nectunis^  kidney  has  been  ex- 
tensively studied  by  Richards^"' ■  -•*"•  --*"•  -*-^  and  his  associates,  and  by  Hober 
(see  summary  in  Chapter  35  of  Physical  Chemistry  of  Cells  and  Tissue^*^^')- 
Necturiis  is  very  suitable  because  of  its  small  number  of  large  (308  fi 
diameter)  units.  The  glomeruli  lie  in  a  layer  close  to  the  mesial  border  of 
the  kidney.  Beyond  each  glomerulus  is  a  ciliated  neck,  then  the  thick-walled 
proximal  tubule,  then  a  narrow  intermediate  tubule,  and  finally  the  distal 
tubule  which  empties  into  a  collecting  tube  (Fig.  20).  Richards'  group 
collected  fluid  from  various  regions  of  a  kidney  unit  by  means  of  a  mercury- 
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filled  micropipette  and  analyzed  each  fluid  sample.  In  both  froK  and 
Necturus  the  glomerular  fluid  has  essentially  the  same  sugar  and  chloride 
concentration  as  the  blood  plasma;  it  is  free  of  the  normal  blood  proteins, 
although  some  small  protein  molecules  can  pass."^''-  -•"*•  --••'  These  findings 
support  the  view  that  the  glomerular  fluid  is  an  ultrafiltrate  from  the  plasma, 
i.e.,  contains  the  blood  solutes  except  for  protein,  and  that  the  filtration  j)res- 
sure  is  the  difterence  between  the  blood  pressure  and  the  colloid  (protein) 
osmotic  pressure  of  the  blood.  The  analyses  by  Richards  and  his  asscK-iates  of 
fluid  collected  at  different  regions  of  the  tubules  showed  that  the  chloride 
content  decreases  along  the  distal  tubule,  hence  chloride  reabsorptitjn  must 
occur  in  that  region.  Glucose  diminishes  in  concentration  early  in  the  proximal 
tubule.  After  injection  of  the  drug  phlorizin  the  glucose  is  not  reabsorbed  and 
actually  increases  in  concentration  so  that  the  reducing  power  of  fluid  at  the 
distal  end  of  the  proximal  tubule  is  25  per  cent  above  that  of  the  j)lasma  in 
NecUirus  and  40  per  cent  abo\e  that  of  frog  plasma,  while  at  the  distal  end 
of  the  distal  tubule  reducing  power  of  the  fluid  is  2'/2  times  that  of  the  plasma 
in  Necturus  and  3  times  that  of  frog  plasma. -•*"•  -^"'  -^^  Water  may  be 
reabsorbed  all  along  the  tubule,  about  twice  as  much  in  the  distal  as  in  the 
proximal  tubule.  Acidification  of  the  urine  occurs  in  the  distal  tubules.  The 
water  reabsorption  in  Necturus  is  suflicient  to  account  for  the  doubling  of  the 
concentration  of  urea.  In  the  frog,  however,  the  water  reabsorption  is  insuf- 
ficient, and  some  urea  is  probably  secreted  by  tubule  cells.^''"''  -^^  Urea 
excretion  by  frogs  with  renal  arteries  ligated  is  due  to  filtration  from  collateral 
circulation.  ^-^ 

The  mechanisms  of  osmoregulation  in  aquatic  Amphibia  can  be  summar- 
ized as  follows.  Water  enters  osmotically  but  at  a  retarded  rate,  owing  to  low 
permeability  of  the  normal  skin.  The  water  which  does  enter  is  excreted  as  a 
copious  dilute  urine.  Salt  is  lost  in  the  urine,  and  to  a  lesser  degree  by  the 
skin.  This  salt  loss  is  made  good  by  food  and  by  active  absorption  from  pond 
or  tap  water.  Also  salt  loss  is  minimized  by  active  reabsorption  in  the  distal 
tubule  of  the  chloride  which  filters  through  the  glomeruli.  There  is  also  some 
water  reabsorption,  which  accounts  for  increased  urine  concentration  of  waste 
products  that  are  not  reabsorbed;  under  some  conditions  tubular  secretion  of 
specific  substances  may  occur.  Among  these  mechanisms  at  least  four  require 
expenditure  of  energy:  maintenance  of  low  skin  permeability,  active  salt 
absorption  by  the  skin,  tubular  reabsorption  against  a  concentration  gradient, 
and  tubular  secretion  of  specific  wastes. 

ADAPTATIONS  TO  LAND,  WITH  SOME  DIVERSIONS  TO 
FRESH  AND  SALT  WATER 

In  two  large  groups  of  animals,  certain  land  arthropods  and  the  amniotes, 
adaptation  away  from  an  aquatic  medium  is  complete  or  nearly  so;  their  prob- 
lem is  to  retain  water  rather  than  to  exclude  it.  and  to  a\oid  desiccation. 

Terrestrial  Arthropods.  Of  the  land  arthropods  such  as  insects,  spiders, 
scorpions,  onychophorans,  and  isojiods,  the  insects  are  the  animals  in  which 
the  mechanisms  of  water  retention  and  responses  to  humidity  ha\e  been  best 
studied.^-^'  ^■"'"'  ^'^-  -''*^  Insects  \ary  considerably  in  water  content  (50  to  90 
per  cent).  -"'*'  The  osmotic  concentration  of  their  body  fluids  may  Ix?  higher 
than  that  in  any  other  group  of  animals.  Osmotic  concentrations  vary  with  the 
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stage  of  development,  diet,  humidity,  season  of  year,  and  other  factors,  but  the 
order  of  magnitude  is  illustrated  in  Table  4,  showing  the  freezing  points.  -^'^ 

The  principal  loss  of  water  from  insects  is  by  evaporation,  and  the  most 
important  mechanisms  of  water  regulation  are  those  limiting  evaporative  loss. 
Insects  with  a  soft  cuticle,  such  as  many  larvae,  undoubtedly  lose  considerable 
water  directly  through  the  body  surface.  The  chitin  of  most  insects  is  nearly 
water  impermeable,  except  at  high  temperatures  at  which  changes  in  the 
cuticular  wax  occur.  ^^^  The  greatest  water  loss  is  through  the  spiracles. 
When  the  spiracles  are  plugged  by  wax  the  water  loss  is  reduced  by  about 
two-thirds.   Most  of  the  remaining  loss  occurs  at  the  intersegmental  furrows 

TABLE  4 


Group 

Species 

At.p. 

Insects 

Carabus  intricatus 

0.943 

Tenebrio  molitor  (larva) 

1.165 

Mantis  religiosa 

0.885 

Ephestia  elatella  (larva) 

1.122 

Scorpion 

1.125 

Spiders 

0.894 

Earthworm 

0.3-0.75 

Snails 

Helix  pomatia 

0.421 

Limax  maximus 

0.248 

(Bomhyx  vtori;  Gastrimargus-^^) .  Whenever  spiracles  are  kept  open,  as  by 
exposure  to  COo  (in  Rhodnius^^^^  or  by  increase  in  metabolism  by  activity 
(in  Blattd-'^^^,  the  water  loss  is  increased  many  times.  Those  insects  which 
lack  mechanisms  for  closing  their  spiracles  lose  more  water  than  those  which 
have  spiracular  control.  Most  insects  excrete  their  nitrogenous  wastes  and 
either  eliminate  or  retain  feces  in  semisolid  form,  hence  they  lose  little  water 
as  solvent  for  wastes  and  in  air  have  no  problem  of  salt  loss  or  retention.  It  is 
probable  -*^  that  dilute  urine  is  formed  in  the  malpighian  tubules  and  water 
reabsorbed  in  the  rectal  glands. 

Since  most  water  loss  is  by  evaporation,  the  effects  of  relative  humidity,  air 
movement,  and  temperature  are  important.  For  example,  Mellanby  ^"^  found 
that  adult  bedbugs  (Cimex  lectularins)  at  8°  lose  approximately  33  per  cent 
of  their  body  weight  by  evaporation  in  4  hours  at  0  per  cent  humidity  and 
about  12  per  cent  in  the  same  time  at  90  per  cent  humidity.  Grasshopper 
nymphs,  potato  beetles,  and  meal  worms,  but  not  lepidopteran  caterpillars, 
may  actually  take  up  water  at  humidity  above  82  per  cent.^''^'  ^^*'  This  hygro- 
scopic property  of  some  insects  deserves  more  study.  If  water  loss  is  normally 
low,  death  occurs  at  the  same  temperatures  at  all  humidities;  if  water  loss  is 
normally  high,  the  insect  CPedicidus,  Lucilia,  and  others)  can  tolerate  a  higher 
temperature  at  high  humidity  than  at  low  humidity^"'''  "*  (Figs.  88  and  89). 
The  water  content  of  meal  moth  larvae  but  not  of  pupae  or  adults  varies  with 
the  humidity.^'*  In  cockroaches,  fleas,  and  butterflies,  surface  evaporation  is 
proportional  to  saturation  deficiency  of  the  air  (difference  in  mm.Hg  vapor 
pressure  between  saturation  and  actual  humidity)  up  to  about  30°,^-^'  -°^' 
and  survival  time  is  inversely  related  to  water  loss.  At  higher  temperatures 
water  loss  in  Blatta  with  spiracles  plugged  increases  very  sharply  owing  to 
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changes  in  cuticular  wax,  whereas  the  tracheal  loss  increases  gradually  and 
very  slowly  with  temperature.  In  other  insects  there  is  less  correlation  between 
water  loss  and  saturation  deficiency.^-J-  i"  The  abihty  of  insects  to  survive 
starvation  depends  on  both  temperature  and  desiccation;  these  two  factors 
probably  act  on  different  mechanisms  and  can  be  separated.  At  the  same  rela- 
tive humidity  the  absolute  vapor  pressure  of  the  atmosphere  increases  with 
higher  temperature,  hence  absolute  humidity  is  more  important  than  relative 
humidity.^-'  ^^^ 

Lost  water  is  replaced  by  drinking  in  land  insects  and  most  insects  take 
water  in  the  food.  However,  some  insects,  such  as  clothes  moths,  wax  moth 
larvae,  and  meal  worms,  get  most  of  their  required  water  metabolically.  The 
complete  oxidation  of  100  grams  of  carbohydrate  (glucose)  yields  60  grams 
of  water.  Larvae  of  the  flour  moth  (Ephestia)  and  of  the  beetles  Triholium 
and  Dermestes,  and  also  Tenehrio,  eat  more  and  yet  grow  more  slowly  at  low 
humidity.  '^^  ^"^^ 

Another  adaptive  mechanism  in  osmotic  regulation  is  the  behavioral  tend- 
ency to  select  a  region  of  optimal  humidity.  The  optimal  humidities  for  devel- 
opment and  for  survival  are  hot  necessarily  the  same,  and  they  differ  for  various 
species.  ^^*'  Insects  taken  from  a  moist  environment  appear  more  sensitive 
to  dry  air  than  do  insects  from  a  dry  environment;  grasshoppers  range  widely 
from  hygrophilic  to  extremely  xerophilic.  Meal  worm  beetles,  Tenehrio 
molitor,  choose  the  drier  side  of  a  humidity  gradient  and  distinguish  smaller 
differences  of  humidity  in  the  higher  moisture  range  than  in  drier  air.  ^^ 
Specific  humidity  receptors,  probably  pit  and  peg  organs,  are  located  on  the 
antennae.  Other  insects  which  avoid  moist  air  are  the  mosquito  Ctilex  fatigans, 
the  cockroach  Blatta  orientalis,  and  the  louse  Pediculus  hwnanus  var.  corporis. 
Wireworms  (Agriotes),  on  the  other  hand,  avoid  the  lower  humidity  in  a 
gradient.  They  are  able  to  distinguish  differences  as  small  as  0.5  per  cent 
relative  humidity  by  hygroreceptors  located  on  the  head.  ^^"^  The  grain  beetle 
Ptiniis  also  collects  in  drier  regions  of  a  humidity  gradient.  •'•'*  1  he  sign  of 
the  response  may  depend  on  the  state  of  hydration  (Blatta,  Ptinns),  the  insect 
going  to  high  humidity  when  desiccated  or  to  a  dry  region  when  hydrated.  *^" 

The  onychophoran,  Peripatopsis,  lacks  mechanisms  for  restraint  of  water 
loss  by  the  trachea  and  actually  loses  water  twice  as  fast  as  an  earthworm,  40 
times  as  fast  as  a  smooth-skinned  caterpillar,  and  80  times  as  fast  as  a  cock- 
roach. ^^''  Peripatzis  loses  water  half  as  fast  as  an  earthworm,  but  twice  as 
fast  as  a  centipede,  and  20  times  as  fast  as  a  millepede.  ^^-  Restriction  to  a 
damp  environment  may  account  for  the  lack  of  successful  radiation  of  the 
Onychophora  as  a  group. 

Isopods  occur  in  sea  water,  in  fresh  water,  and  on  land.  Their  respiratory 
organs  present  extensive  moist  surfaces.  The  nephridial  canals  of  a  fresh- 
water species  are  larger  than  those  of  a  marine  species,  and  in  both  the  canals 
are  larger  than  the  canals  in  a  land  form.  -"*'  Terrestrial  isopods  lose  water 
more  readily  and  are  more  restricted  to  a  moist  environment  than  myriapods. 
A  wood  louse  (Porcelio  scaher)  loses  4  per  cent  of  its  weight  per  hour  in  dry 
air,  compared  with  0.05  per  cent  loss  by  a  meal  worm,  0.14  per  cent  loss  by  a 
cockroach,  or  L8  per  cent  loss  by  an  earthworm.  ''-'  The  wood  louse  goes  to 
a  region  of  higher  humidity  in  a  gradient. 

The  most  important  means  of  prevention  of  desiccation  in  insects  and 
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related  animals  are  low  permeability  of  the  body  surface,  reabsorption  of 
water  during  excretion,  and  selection  and  occupancy  of  regions  of  "optimal" 

humidity. 

Reptiles,  Birds,  and  Mammals.  The  water  problem  of  a  land  vertebrate  and 
of  a  land  insect  is,  like  that  of  marine  fishes,  retention  of  water,  but  without 
the  complication  of  an  inward  salt  gradient,  Pearse^'"''  ^V  has  listed  many  of 
the  factors  in  the  transition  from  water  to  land. 

Reptiles  are  more  independent  of  a  moist  environment  than  Amphibia 
because  of  protection  by  horny  scales  against  surface  evaporation,  and  because 
their  eggs,  in  most  groups,  are  cleidoic  (protected)  or  else  the  animals  are 
viviparous.  An  intact  newt  loses  water  about  as  fast  as  a  skinless  lizard.**'' 
Table  5  gives  the  blood  and  urine  concentrations  of  a  number  of  reptiles. 


TABLE  5. 

FREEZING  POINT  LOWERING  IN  TU 

RTLES 

Ao 

Ai 

Ai 

Caretta  rempi"* 
Caretta  caretta"" 
Emys  europea*' 

Testudo  graeca^'* 

1.85 

1.85 

fresh  water 

land 

.66 
.76 
.44 

.60 

.64 
.70 
.10 
(from  bladder) 
.19 

These  figures  show  that  the  blood  of  marine  turtles  is  somewhat  more  con- 
centrated than  that  of  land  and  fresh-water  turtles,  and  that  the  urine  of  the 
marine  forms  is  relatively  still  more  concentrated.  There  is  great  individual 
variation  in  concentration  of  tortoise  blood."  In  no  turtle,  however,  has  the 
urine  been  reported  as  being  hypertonic  to  the  blood.  The  renal  corpuscles 
of  most  land  reptiles  are  poorly  vascularized.  '''  These  corpuscles  are  small 
and  have  connective  tissue  centers  with  capillaries  on  the  outside  only;  vascu- 
larity is  better  in  kidneys  of  turtles  and  crocodiles  than  in  kidneys  of  snakes 
and  lizards.  The  amount  of  urine  excreted  is  small,  and  in  snakes  and  lizards 
the  urine  may  be  solid  or  semisolid.  In  the  alligator  the  urine  flow  is  0.4  1.2 
ml./kg./hr.,  compared  with  1.5-20  ml.  in  Rana,  and  in  the  alligator  glomerular 
filtrate  is  1.5-3.4  ml./kg./hr.  compared  with  2.8-40.0  ml.  in  the  frog.  ^^^  The 
loss  of  water  from  the  skin  of  a  tortoise  is  estimated  to  be  only  0.1  ml./ 100 
cm.-/hr.  ^^'^  The  principal  loss  of  water  from  land  reptiles,  then,  must  be  by 
way  of  the  lungs,  and  desert  reptiles  get  most  of  their  water  from  food.  Bux- 
ton*''" mentions  an  Australian  lizard  which  can  absorb  water  through  the  skin 
after  a  rain.  Numerous  reptiles— C/iryseiuis,  Anolis,  Phrynosoma,  the  alliga- 
tor Cnemidophonis,  and  the  garter  snake  Thmnnophis  sirh(/;s— all  drink  water 
(under  experimental  conditions)  to  compensate  for  a  deficit.  ^  Amphibia  in 
water  deficit  take  up  water  only  by  skin  absorption. 

Both  birds  and  mammals  have  the  ability  to  excrete  a  hypertonic  urine. 
Their  kidneys,  particularly  those  of  mammals,  have  the  thin  loop  of  I  lenle 
(Fig.  20).  Renal  corpuscles  in  birds  are  poorly  vascularized,  and  filtration  is 
low.  The  osmotic  concentration  of  cloacal  urine  of  the  hen  may  be  slightly 
higher  than  that  of  the  blood.  ''^  Korr  '^'^  found  the  osmotic  concentration  of 
the  blood  of  a  hen  to  be  equivalent  to  0.925-0.940  per  cent  NaCl,  and  that  of 
ureteral  urine  to  be  the  equivalent  of  0.95-1.1  per  cent  NaCl,  while  normal 
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glomerular  filtration  was  1.22  ml./kg./min.  and  total  urine  output  was  25-70 
ml./kg./day.  The  urine  concentration  was  higher  during  water  deprivation 
and  after  injection  of  pitressin  from  the  posterior  pituitary,  hence  water  reab- 
sorption  occurs,  and  antidiuretic  hormone  increases  water  reabsorption.  Water 
is  also  reabsorbed  in  the  cloaca,  ^'^*'  and  the  urine  may  be  a  semisolid  mass  of 
uric  acid  crystals.  Chick  mesonephric  tubules  form  cysts  in  tissue  culture 
which  accumulate  water  so  that  the  cyst  contents  are  10  per  cent  more  dilute 
than  the  medium,  suggesting  a  water-secreting  capacity.  '■'" 

The  physical  properties  of  yolk  make  osmotic  measurements  difficult.  Freez- 
ing-point measurements^^'  '-^  indicate  a  difference  between  yolk  and  white; 
vapor  pressure  measurements  show  a  higher  osmotic  concentration  in  the 
center  of  the  yolk  than  just  beneath  the  vitelline  membrane,  the  mean  for  the 
yolk  corresponding  to  a  Af.p.  of  0.55,  and  for  the  white  to  a  Af.p.  of  0.44.  ^^ 
The  difference  is  not  maintained  by  metabolism  but  by  slow  diffusion,--'*" 
and  some  authors  fail  to  find  any  osmotic  difference  between  white  and 
yolk.  ^0-' 

Water  regulation  in  mammals  has  been  studied  extensively  and  reviewed 
frequently.  The  daily  water  loss  of  a  man  weighing  70  kg.  is  600-2000  ml.  by 
the  kidneys,  50-200  ml.  by  feces,  350-700  ml.  by  insensible  evaporation  from 
the  skin,  50-4000  ml.  by  sweat,  and  350-400  ml.  from  the  lungs.  A  lactating 
mother  may  lose  an  additional  900  ml.  as  milk.  Thus  the  total  normal  daily 
loss  may  range  from  I  to  more  than  8  liters.^  The  total  loss  \'aries  with 
temperature  and  humidity,  and  with  various  physiological  conditions,  and 
must  be  made  up  by  water  drunk,  water  in  food,  and  metabolic  water.  Most 
common  mammals  have  a  blood  concentration  which  is  about  0.30  osmolar 
(equivalent  to  0.95  per  cent  NaCl).  Dog  plasma  freezes  at  —0.576°  (0.31 
osmolar).  "'^  In  man,  urine  concentration  varies  but  is  usually  about  0.65 
osmolar;  the  maximum  concentration  of  urine  in  thirsting  man  is  1.4  osmolar 
(Au=2.6).  *^^'  Much  water  is  reabsorbed  along  with  salts  in  the  proximal 
tubule  of  the  kidney  (guinea  pig),  although  the  fluid  distal  to  the  loop  of 
Henle  may  still  be  isotonic  with  the  plasma  and  the  site  of  urine  concentration 
is  not  definitely  known.  -"'-  The  permeability  of  the  skin  of  mammals  to 
water  is  extremely  low  --^^  as  measured  both  by  transfer  of  heavy  water  and 
by  evaporative  loss.  Low  permeability  is  particularly  important  in  aquatic 
mammals.  In  man  loss  of  10  per  cent  of  the  body  water  causes  serious  illness, 
and  20  per  cent  loss  results  in  death;  much  greater  proportions  of  protein,  fat, 
and  glycogen  can  be  lost  with  little  ill  effect.  ""*  A  water  loss  of  24  to  30  per 
cent  of  the  bodv  weight  is  fatal  to  a  mouse.  '"' 

The  water  load  of  the  blood  is  kept  delicately  balanced  by  nervous  and 
hormonal  factors.  When  it  rises  by  excess  water  intake  a  diuresis  appears  after 
a  certain  time.  This  diuresis  can  be  inhibited  by  emotional  disturbance,  by 
epinephrine  or  tvramme.  -•"  Injections  of  hypertonic  solutions  of  salt  or 
sugar  which  cause  onlv  a  2  per  cent  or  lower  rise  in  osmotic  concentration 
reduce  the  diuresis  bv  90  per  cent.  Osmoreceptors,  apparently  located  in  the 
brain,  stimulate  the  liberation  of  antidiuretic  hormone  from  the  posterior  lobe 
of  the  pituitary  which  reduces  urine  production  (see  Ch.  22). 

Water  balances  were  compared  in  three  rodents,  Microtiis,  which  inhabits 
drv  prairie,  Peromvscus,  which  lives  on  the  forest  floor,  and  Blarina,  which  is 
sukerranean.  ^'     'Blarina  shows   the   highest   water    turnover;    Peromysciis 
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vaporizes  and  drinks  less,  and  Microtus,  the  least.  High  water  exchange  is 
associated  with  the  greatest  water  supply  and  least  evaporative  forces  in  the 
subterranean  habitat,  while  the  greatest  adaptation  for  water  conservation 
permits  life  in  the  prairie  grassland.  The  evaporative  loss  of  water  from  the 
lungs  of  desert  rats  is  half  that  from  most  rodents.  ^^^ 

The  water  relations  of  mammals,  including  man,  in  the  'desert  have  been 
examined.^'  ^^  The  loss  of  water  by  skin  evaporation  and  from  the  lungs 
parallels  resting  metabolism.  The  sweat  glands  are  under  control  of  the  autono- 
mic nervous  system,  and  serve  a  cooling  function.  Active  sweating  in  man 
normally  begins  when  air  temperature  reaches  about  86 °F.  If  evaporation  is 
prevented  at  high  temperature,  as  by  high  humidity  or  by  rubber  or  oilskin 
clothing,  the  heart  rate  goes  up  and  exhaustion  occurs.  Loss  of  water  by  the 
skin  is  necessary  in  temperature  control,  but  sweating  diverts  blood  to  the 
skin  from  other  areas,  and  by  sweating  the  body  loses  salt.  Both  the  salt  and 
water  lost  must  be  replaced.  A  dog  suffers  more  in  the  desert  than  does  man. 
The  dog  loses  only  water,  whereas  man  loses  salt  also,  hence  the  dog's  blood 
concentration  rises.  The  dog  loses  water  mostly  from  its  mouth  and  respiratory 
passages,  hence  cooling  and  oxygenation  are  associated,  and  a  panting  dog  may 
thus  develop  an  alkalosis,  whereas  in  man  cooling  and  respiration  are  separate. 
Finally,  the  dog's  fur-coated  skin  absorbs  heat.  A  burro,  on  the  other  hand, 
has  many  sweat  glands,  but  its  sweat  contains  little  salt,  hence  the  blood 
chloride  rises  during  work  in  heat.  Buxton"'^^  gives  an  extensive  list  of  desert 
animals  which  may  dispense  entirely  with  drinking  and  get  their  water  from 
food  and  possibly  from  dew.  Camels  apparently  can  live  without  water  if  there 
is  plenty  of  good  grazing,  but  at  hard  work  Buxton  claims  that  about  8  days 
is  their  limit  without  water.  Fat  produces  more  metabolic  water  per  gram 
oxidized  and  yields  more  energy  for  a  given  amount  of  water  than  does  carbo- 
hydrate; fat  is  often  stored  by  desert  mammals. 

A  man  walking  in  the  desert  at  110°F.  loses  one  quart  of  water  per  hour; 
sweating  increases  by  20  gm.  per  hour  for  each  1°F.  rise  in  air  temperature.  ^ 
During  such  exposure  an  exercising  man  does  not  voluntarily  drink  enough 
water  to  restore  his  water  balance.  Signs  of  serious  dehydration  are  diminished 
blood  volume,  high  concentration  of  blood  cells,  nausea,  numbness,  and  in- 
adequate circulation.  If  water  loss  exceeds  12  per  cent  of  the  body  weight  in 
dry  heat  a  heat  stroke  is  suffered.  Water  can  be  conserved  if  man  ceases 
activity,  avoids  the  sun,  remains  clothed  and  reduces  urine  output  by  reducing 
intake  of  protein  and  salt.  In  the  tropical  jungle  where  humidity  is  high, 
cooling  cannot  be  effected  by  sweating,  and  dehydration  is  not  significant; 
water  intake  is  much  less  in  the  tropical  jungle.  ^^^ 

There  are  striking  species  differences  in  the  water  drunk  and  the  water 
excreted  as  a  function  of  water  deficit.  Figure  22  shows  the  course  of  relative 
water  load  when  drinking  was  permitted  after  periods  of  privation.  The  dog 
and  burro  rapidly  drink  more  than  they  have  lost,  whereas  man  drinks  less.  "^ 
Recovery  from  excessive  hydration  follows  a  different  pattern;  the  rat  recovers 
more  rapidly  than  the  dog.  Desert  animals  (kangaroo  rat  and  pocket  mouse) 
on  a  dry  diet  excrete  urine  with  chloride  as  concentrated  as  900  mM,  compared 
with  maximum  chloride  concentration  of  370  mM  in  man  and  of  330  mM  in 
the  dog.  ^^^ 

Marine  mammals  have  blood  only  a  little  more  concentrated  than  that  of 
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land  mammals.  The  urine  of  marine  mammals  can  be  more  concentrated  than 
sea  water.  Recorded  freezing  points  show  much  variation  (see  Table  6). 
The  concentration  of  blood  of  two  marine  birds  is  about  the  same  as  that  of 
the  mammals  CAi=0.64-0.69).  -'O-^  These  values  are  to  be  compared  with  a 
blood  freezing  point  of  — .58°C.  in  man.  In  the  seal,  Phoca  vituline,  '>^  no 
water  is  lost  for  temperature  regulation,  hence  the  only  loss  is  by  lungs,  feces, 
and  urine.  To  saturate  the  air  breathed  from  the  lungs  would  take  106  gm. 
water;  the  feces  require  200  gm.  water  for  fish  food  corresponding  to  100 
calories.  When  seals  are  fed  herring  v\hich  are  80  per  cent  vvater,  the  amount 
yielding  100  calories  (1250  gm.  fish)  would  contain   1000  gm.  water.    By 
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Fig.  22.  Recovery  of  water  load  in  per  cent  of  initial  load  after  access  to  water  following 
periods  of  privation  resulting  in  deficits  equivalent  to  4  to  8  per  cent  of  bodv  weight.  From 
Adolph.' 

oxidative  breakdown  the  fat  and  protein  would  \ield  121  gm.  of  metabolic 
water.  Thus  1121  minus  306  leaves  815  gm.  H^.O  for  the  urine.  The  food 
(1250  gm.  of  herring)  would  yield  urea  and  salt  sufficient  to  give  in  800  ml. 
of  urine  a  freezing  point  of  — 2.7°C.  (6.3  per  cent  urea  and  1.4  per  cent  salt), 
f^omer  Smith  --"  observed  that  harbor  seals  when  fasting  excrete  0.03-0. 1 1 
ml./urine/min.  with  a  A.,  of  1.948,  whereas  after  a  meal  of  herring  the  rate 
of  excretion  increases  to  0.08-1.28  ml./min.,  and  the  Au  rises  to  1.98-3.646. 
The  magnesium  and  chloride  of  the  urine  and  intestinal  residue  are  so  low  that 
it  is  unlikely  that  any  sea  water  has  been  swallowed.  Thus  marine  mammals 
living  on  Hsh  can  get  ample  water  from  their  food  alone  to  keep  their  blood 
more  dilute  than  the  ocean. 
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Krogh  extended  the  calculation  to  the  walrus  and  whalebone  whales  which 
feed  largely  on  marine  invertebrates  that  are  more  concentrated  than  fish  and 
more  concentrated  even  than  the  blood  of  the  mammals  themselves.  Less 
water  would  be  lost  from  the  lungs  in  the  whale  because,  owing  to  the  in- 
creased pressure  under  water,  it  can  probably  extract  more  of  the  oxygen  and 
thus  would  not  need  to  saturate  so  much  air.  Assuming  a  little  less  water  loss 
by  feces  than  in  the  seal,  Krogh  calculates  that  the  kidney  could  easily  excrete 
the  salt  and  urea  with  the  water  a\'ailable  from  its  food.  Freezing  point  de- 
pressions of  1.83-2.49  have  been  observed  in  urine  of  the  pollack  whale 
(Morimura,  from  Smith--*'').  Dolphins  given  hypertonic  salt  solution  by 
mouth  had  feces  isotonic  with  blood,  and  in  several  hours  53  per  cent  of  the 

TABLE  6.  CONCENTRATIONS  OF  BLOOD  AND  URINE 
OF  VARIOUS  MARINE  MAMMALS 


At 

Au 

Whale  {Delphinus  iphocaenaY' 

0.74 

Whale  (Balaenoptera  sihhaldii)-^'^ 

1.26 

Whale  (Balaenoptera  borealis 

and  Balaenoptera  physalus) 

2.46 

(Schmidt-Nielsen  &  Holmsen,  from  Krogh"") 

Seal  (Phoca  harhata^' 

0.65 

0.73 

Seal  (Phoca  foetida)^' 

0.70 

0.75-4.5 

Seal  [Phocaena  communis) 

0.74 

(Rodier  from  Portier™^) 

Dolphin  {Tursiops  tursio)^^ 

0.83 

salt  and  84  per  cent  of  the  water  was  e.xcreted.  ''*  The  blood  chloride  changed 
very  little,  hence  there  must  have  been  a  shift  of  tissue  water. 

Mammalian  urine  can  be  more  concentrated  than  sea  water,  hence  the 
body  should  be  able  to  extract  some  water  from  sea  water  and  excrete  salts. 
Indeed,  Gamble  ^'^  has  found  that,  in  man,  utilization  of  sea  water  is  not 
hmited  by  the  kidney  but  by  the  gastrointestinal  system.  It  would  be  of 
interest  to  know  the  gastrointestinal  tolerance  of  sea  water  in  marine  mammals. 

In  summary,  reptiles,  birds,  and  mammals  have  very  low  surface  perme- 
ability to  water.  Birds  and  mammals  are  able  to  excrete  a  urine  which  is  more 
concentrated  than  the  blood.  The  primitive  water-excreting  function  of  the 
glomerulus  has  become  diverted  to  a  filtration-reabsorption  system  to  excrete 
waste  products  with  little  loss  of  water.  Hence  the  animals  are  able  to  get 
enough  water  by  food  or  by  drinking  to  supply  their  meager  demands.  The 
embryos  are  essentially  aquatic  but  are  protected  against  evaporative  loss,  in 
birds  bv  the  shell,  and  in  most  mammals  bv  retention  in  uterine  fluids. 


CONCLUSIONS 

When  animals  are  arranged  according  to  their  osmotic  performance  (Table 
7),  certain  correlations  with  their  distribution  and  taxonomic  relationships 
are  apparent.  Many  of  the  differences  among  animals  from  various  habitats 
are  differences  in  the  degree  of  development  of  a  capacity  rather  than  in  the 
specific  kind  of  capacity. 

Success  in  fixing  in  the  ocean  may  accompany  either  osmotic  lability  or 
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osmotic  stability.  If  ocean  water  becomes  too  dilute,  as  in  the  upper  Baltic, 
poikilosmotic  animals  disappear.  The  only  ocean  animals  in  which  a  sharp 
gradient  is  maintained  are  marine  vertebrates.    Elasmobranchs,  which  retain 


TABLE  7 


Osmotic 

Characteristics 

Principal 
Mechanisms 

Examples 

Osmotic  adjustment 

No  volume  regulation 

Marine  invertebrate  eggs, 
Phascolosoma 

Volume  regulation 

Marine  molluscs,   Maja 
Nereis  pelagica 
N.  cultrifera 

Limited  osmoregulation 

Low  permeability; 
salt  reabsorption 
in  nephridia? 

N.  di versicolor 

Water  storage 

Gunda 

Fair  osmoregulation 
in  hypotonic  media 

Selective  absorption 
of  salts  from  medium, 
kidney  reabsorption 
or  secretion,  low 
permeability 

Carcinus 

Regulation  in  hyper- 
and  in  hypotonic  media 
except  at  extremes 

Unknown 

Uca 

Unlimited  regulation  in 
hypotonic  media 

Hypotonic  copious 
urine,  salt  reabsorp- 
tion or  water  secretion, 
low  surface 
permeability 

CrayHsh 

Freshwater  teleosts 
Amphibia 

Water  impermeability 

Freshwater  embrjos 

Maintenance  of  hyper- 
tonicity  in  all  media 

Urea  retention 

Elasmobranchs 

Regulation  in  hyper- 
tonic media 

Extrarenal  salt  ex- 
cretion, low  water 
intake 

Marine  teleosts 

Unknown 

Artemia 

Regulation  in  moist 
air 

Low  skin  permeability, 
salt  absorption  from 
medium,  salt  reabsorption 
in  kidney 

Earthworm 
Frog 

Regulation  in  dry  air 

Impermeable  cuticle; 
hypertonic  urine 

Insects 

Hypertonic  urine,  water 
reabsorption  in  kidney 

Birds  and  mammals 

urea,  have  a  gradient  in  the  same  direction  as  in  hesh  water.  In  other  marine 
vertebrates  some  method  of  salt  secretion  exists  and  the  blood  is  hypotonic. 
Marine  teleosts  excrete  salt  against  a  gradient  by  their  gills,  marine  mammals 
by  their  kidneys.    One  important  reason  why  insects  and  amphibians  have 
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not  extensively  invaded  salt  water  is  their  lack  of  mechanisms  for  secreting 
salt  outward.  This  is  perhaps  surprising  in  view  of  the  ability  of  some  of  them 
actively  to  absorb  salt  against  a  gradient.  It  must  mean  that  inward  and  out- 
ward permeability  are  physiologically  separate. 

Ability  to  live  in  salinities  greater  than  that  of  sea  water  Requires  ability  to 
maintain  a  gradient  of  hypotonicity,  as  in  brine  shrimps.  Some  marine  crabs 
such  as  Uca  are  able  to  do  this;  a  few  others  are  hypotonic  in  normal  sea  water 
where  the  ability  can  be  of  little  value.  Apparently  all  land  crabs  can  keep 
the  blood  hypotonic.  Ability  to  maintain  hypotonicity  has  developed  several 
times  among  arthropods. 

Little  is  known  of  osmotic  relations  in  endoparasites,  but  some  helminths 
show  a  limited  osmoregulation.  Gregarines  swell  and  shrink  with  changes  in 
the  medium. 

Success  in  fresh  water  requires  osmotic  regulation  of  such  order  that  a  high 
concentration  of  body  fluids  can  be  maintained  against  an  extreme  osmotic 
gradient.  Such  regulation  requires  active  mechanisms  fdr  (1)  low  permeabiHty 
to  water,  (2)  water  elimination,  (3)  salt  retention,  and  (4)  salt  replacement. 
Fresh-water  animals  differ  from  marine  in  degree  of  development  of  these 
regulating  mechanisms.  Copious  water  elimination  is  necessary  in  all  fresh- 
water animals  except  in  very  impermeable  eggs.  Marine  protozoans  put  into 
fresh  water  develop  vacuoles  or  increase  the  output  of  vacuole  systems  already 
present.  Marine  Crustacea  which  can  live  in  brackish  water  increase  their 
urine  output  in  dilute  media.  Fresh-water  fish  excrete  a  copious  urine,  where- 
as in  some  marine  fish  the  kidney  becomes  almost  vestigial.  But  nowhere  is  an 
animal  known  which  can  excrete  a  totally  salt-free  urine,  hence  there  must 
be  mechanisms  for  salt  retention  and  salt  replacement. 

Salt  retention  can  be  brought  about  ( 1 )  by  very  low  or  negligible  outward 
permeability  to  body  salts,  and  (2)  by  salt  reabsorption  in  the  excretory  organs. 
Low  salt  permeability  is  found  in  many  marine  animals.  Salt  reabsorption 
occurs  in  those  marine  animals  whose  kidneys  function  in  the  conservation  of 
certain  useful  salts,  but  the  power  of  salt  reabsorption  is  much  more  highly 
developed  in  fresh-water  animals,  for  example  in  the  long  tubules  of  the  kid- 
neys of  fresh-water  crustaceans  and  vertebrates. 

Salt  may  be  replaced  from  food  or  by  active  absorption  from  dilute  solutions. 
Some  fresh-water  animals,  for  example  Eiihranchipus  and  Anguilla,  seem  to 
depend  exclusively,  or  almost  so,  on  salt  intake  by  food.  In  some  insects  there 
are  special  organs  for  salt  absorption,  as  the  anal  papillae  in  Ciilex  and  Chiron- 
oimis  larvae.  In  many  other  fresh-water  animals  the  respiratory  epithelia 
contain  secretory  cells. 

Success  on  land  (in  air)  requires  protection  against  loss  of  water  from  the 
body  surface  and  from  the  respiratory  membranes,  and  against  excessive  loss 
of  water  by  excretion.  The  only  truly  successful  land  animals  are  higher 
arthropods  (arachnids,  myriapods,  and  insects)  and  higher  vertebrates  (rep- 
tiles, birds,  and  mammals).  All  others  are  largely  restricted  to  an  environment 
which  is  at  least  moist.  Life  in  moist  soil  is  osmotically  similar  to  but  less  rigor- 
ous than  life  in  fresh  water.  The  land  arthropods  are  well  protected  against 
surface  loss  of  water  by  their  chitinous  coat.  Many  aquatic  Crustacea  also 
iiave  similar  protection,  and  the  entire  group  would  perhaps  succeed  on  land 
il  it  solved  the  respiratory  problem.    Some  crabs  do  spend  hours  or  days  on 
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land.  (See  Pearsei**^  for  a  discussion  of  migrations  to  land.)  In  the  vertebrates, 
protection  against  surface  drying  is  afforded  by  horny  scales,  feathers,  and 
hair.  All  of  the  successful  land  animals  also  have  protection  against  excessive 
water  loss  from  their  respiratory  surfaces.  Lack  of  such  protection  keeps  sf)me 
groups  (Onychophora,  land  Isopoda,  Amphibia)  restricted  to  a  moist  en- 
vironment. 

All  of  the  really  successful  land  dwellers  seem  to  be  able  to  retain  water 
by  excreting  a  concentrated  urine.  This  is  functionally  comparable  to  salt 
secretion  by  the  gills  of  marine  animals,  but  probably  no  marine  animals  except 
m.ammals  excrete  a  hypertonic  urine.  Many  land  insects  excrete  nitrogenous 
wastes  in  solid  or  semisolid  form  and  probably  reabsorb  water  in  the  posterior 
digestive  tract.  The  kidney  tubules  and  cloaca  of  birds  and  the  tubules  of 
mammals  reabsorb  water.  Water  reabsorption  as  a  kidnev  function  occurs  in 
many  aquatic  animals;  water  reabsorption  accounts  for  urea  concentration  bv 
the  frog  kidney,  yet  is  insufficient  to  permit  the  frog  to  live  in  a  dry  environ- 
ment. The  importance  of  quantitative  rather  than  qualitative  differences  in 
responses  to  osmotic  stress  is  illustrated  by  the  animals  which  live  in  atypical 
habitats.  In  Java  there  are  soil  sipunculids  and  land  nereid  polvchaetes."' 
In  Java,  Florida,  and  elsewhere  there  are  land-dwelling  hermit  crabs.  In  Italy 
a  typical  brachyuran  crab,  Telphusa,  lives  in  fresh  water.  Insect  larvae  and 
one  adult  Chironomns  live  in  ocean  waters  near  Samoa.  There  are  desert 
amphibia,  some  of  them  ovoviviparous.''^'  ^'^''  Closely  related  snails  dwell  in 
salt,  brackish,  and  fresh  water  and  on  land.  The  fact  that  many  animal  groups 
have  representatives  in  atypical  environments  demonstrates  the  labilit)'  of 
osmotic  characters. 

No  particular  osmotic  character  is  exclusively  associated  with  life  in  any 
particular  habitat.  The  functional  superiority  by  which  one  group  succeeeds 
in  an  environment  which  is  difficult  osmotically,  whereas  another  group  is 
restricted  to  an  easier  environment,  is  quantitative.  Sometimes  new  structures 
take  over  a  given  function;  sometimes  old  structures  become  obsolete,  but  in 
each  major  environment  some  animals  exist  with  the  kind  of  capacities  used 
especially  in  another  environment.  Whether  a  given  group  will  succeed  in  a 
new  environment  depends  on  its  ability  to  respond  quantitatively  to  environ- 
mental stresses  in  making  use  of  functions  which  it  already  possesses,  rather 
than  in  developing  totally  new  functions. 

Within  a  species  it  is  likely  that  individuals  show  certain  quantitative 
differences.  Some  specimens  of  Carciniis  excrete  an  isotonic,  some  a  hyper- 
tonic, and  some  a  hypotonic  urine.  Would  those  individuals  of  Carcimis 
which  excrete  a  hypotonic  urine  be  more  likely  to  push  up  estuaries  toward 
fresh  water?  Keys  ^^~  noted  that  some  of  a  group  of  marine  killifish  (Fiin- 
dulus  parvipinnis)  readily  become  acclimated  to  fresh  water,  whereas  others 
in  the  group  perish.  Combined  field  and  laboratory  observations  of  animals 
living  in  a  long  estuary  showed  individual  and  species  differences  in  tolerance 
of  sea-water  dilution.  -^'^  Gammanis  from  open  sea  (Ao=l-79)  tolerated 
dilutions  down  to  8  per  cent  sea  water,  whereas  individuals  from  brackish  water 
(Ao=0.978)  survived  dilutions  down  to  2  per  cent  sea  water.  Mya  from  the 
open  sea  were  limited  in  tolerance  to  52  per  cent  sea  water,  but  Mya  from 
brackish  water  tolerated  sea-water  dilution  down  to  36  per  cent.  The  experi- 
mental data  on  osmotic  regulation  agree  well  with  distributional  data.    A 
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statistical  study  of  the  abilities  of  many  individual  members  of  groups  which 
are  in  transitional  stages,  e.g.,  brackish  water  brachyurans,  shore  and  estuarine 
snails,  or  some  of  the  Anura  (particularly  toads),  would  provide  evidence 
regarding  the  role  of  individual  functional  differences  lin  invasion  of  new 
environments.  Individual  differences  in  response  to  osmotic  stress  may  be 
either  physiological,  representing  the  normal  range  of  variation,  or  genetic, 
providing  the  means  for  appearance  of  new  varieties  or  subspecies  which  may 
differ  in  range  of  distribution. 

Osmotic  regulation,  then,  comprises  a  group  of  very  labile  characters. 
Evolution  of  osmotic  function  has  proceeded  in  many  directions  by  many 
small  changes. 
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CHAPTER  3 


Inorganic  Ions 

s. ^„-- 

1  tively  constant  in  different  media;  others  adjust  to  the  medium. 
^^  y  Osmotic  pressure  is  proportional  to  the  total  concentration  of 
solute  particles,  regardless  of  kind,  and  most  of  the  osmotic  pressure  in  the 
blood  of  animals  is  contributed  by  inorganic  ions.  How  do  animals  treat  the 
different  elements  in  the  inorganic  salts? 

In  general,  living  organisms  tend  to  select  certain  elements  and  to  exclude 
others.  Ninety  per  cent  of  protoplasm  is  composed  of  carbon,  hydrogen,  and 
oxygen.  There  is  little  relation  between  abundance  and  availability,  and  only 
indirect  correlation  between  availability  and  biological  utilization.  Nitrogen, 
although  present  in  far  greater  amount  in  the  atmosphere  than  is  oxygen  or 
carbon,  is  much  less  used.  In  large  part,  the  chemical  properties  of  an  element 
determine  its  biological  usefulness.  Metals  have  only  special  uses;  marine 
animals  tend  to  accumulate  potassium  in  relation  to  sodium  and  to  exclude 
magnesium  and  sulfate.  The  concentration  of  hydrogen  ions  tends  to  be  higher 
in  body  fluids  than  in  surrounding  aqueous  media. 

IONS  IN  BODY  FLUIDS,  EXTRACELLULAR  AND  INTRACELLULAR 

All  cells  appear  to  have  an  inorganic  composition  different  from  the  fluids 
which  bathe  them;  that  is,  cell  membranes  selectively  regulate  cytoplasmic  ion 
composition.  Examples  of  the  differences  between  tissue  and  body  fluid  ions 
are  given  in  Table  8."^  Analytical  separation  of  intracellular  and  extracellular 
ions  is  not  always  possible.  Data  for  red  blood  cells  (Table  8)  show  that  these 
cells  usually  select  potassium,  although  in  some  species  (dog  and  cat)  they 
have  relatively  more  sodium.  The  extracellular  volume  in  frog  striated  muscle 
has  been  estimated  by  histological  methods  to  be  14.5  per  cent  of  the  total 
muscle;  if  the  chloride  in  muscle  were  entirely  extracellular  and  at  the  concen- 
tration of  plasma  chloride,  the  space  it  would  occupy  is  14.7  per  cent  in  frog 
sartorius,  14.5  per  cent  in  rat,  and  12.5  per  cent  in  cat,  in  remarkable  agreement 
with  the  histological  measurement.  ^'^  The  concentration  of  potassium,  cal- 
cium, and  magnesium  inside  muscle  fibers  is  higher  than  in  muscle  as  a  whole 
(Table  8  ^7.  n").  The  concentration  of  potassium  is  50  times  greater  inside 
the  fibers  than  in  the  interflbrillar  space.  The  amount  of  chloride  inside  muscle 
fibers  is  nil  ■'^'  ^°  or  is  exceedingly  small."'^  Microincineration  data  ^""^  agree 
with  the  analytical  data  that  most  of  the  calcium  and  magnesium  of  muscle 

*  Inorganic  elements  are  here  considered  as  ions  as  if  in  solution  of  comparable  con- 
centrations, although  in  body  fluids  unknown  and  variable  amounts  are  bound  to  organic 
molecules. 
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is  inside  the  fibers.  Chloride  in  all  tissues  is  mainly  extracellular  and  readily 
replaceable  except  in  brain." 


TABLE  8.  CONCENTRATIONS  OF  IONS  IN  TISSUES  AND  BODY  FLUIDS 

In  m 

Vl/kg.  (except  where  stated  as  mM/1. 

H=0) 

Animal 

Tissue 

Na 

K 

Ca 

Mg 

CI 

SO* 

cat™ 

plasma  (in 

0 

12.8 ; 

mM/1.  H2O) 

178.5 

5.3 

2.79 

1.08 

whole  muscle 

28.5 

151. 

1.2 

15.4 

18.0 

muscle  fibers 

5.7 

174. 

0.9 

17.7 

0 

dog« 

serum 

141.4 

4.6 

2.47 

0.95 

108.8 

cerebral 

51.0 

95.6 

1.07 

5.63 

36.7 

hemispheres 

cerebellum, 

50.8 

92.7 

1.07 

5.40 

35.2 

brain  stem 

man"" 

serum 

143 

5. 

5. 

2.2 

103 

1 

red  blood 

10 

105 

0 

5.5 

80 

cells 

cerebrospinal 

151 

4 

3 

5 

125 

1 

fluid 

rat'^ 

plasma 

145 

6.2 

3.1 

1.6 

116 

muscle 

26.6 

101.4 

1.5 

11.0 

16.3 

pig-'  •"• 

plasma 
red  blood 
cells 

11 

6.9 
128. 

dog"'  » 

plasma 
red  blood 
cells 

107 

6.4 
6.9 

cat"'  «" 

plasma 
red  blood 
cells 

104 

6.67 
6.67 

frog- 

plasma 

103.8 

2.5 

2.0 

1.2 

74.3 

1.9 

muscle 

23.9 

84.6 

2.5 

11.3 

10.5 

0.3 

muscle  fiber 

155 

126.0 

3.3 

16.7 

1.2 

water 

Peri- 

hemolymph 

169 

27.1 

planeta 

serum 

109 

17.3 

(dog  chow 

muscle 

45.6 

112 

diet)^^^ 

nerve  cord 

83.9 

140 

Loligo*^ 

blood 

354 

16.6 

469 

muscle 

53.6 

113.7 

71 

nerve 

244 

sea  water* 

12 

510 

Loligo* 

blood 
giant  nerve 

fiber  axo- 

plasm 

17 
310 

530 
130 

sea  water"" 

476 

9.92 

10.7 

55.3 

562 

28.6 

Eledone"' 

blood 

425 

12.2 

11.6 

57.2 

480 

43.1 

muscle 

81 

101. 

3.7 

12.7 

93 

Anodonta"'' 

blood 

15.4 

0.38 

5.3 

0.35 

10.55 

1.53 

muscle 

5.18 

10.5 

5.39 

2.46 

10.6 

sea  water''^ 

465 

11 

11 

52 

524 

29 
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In  mM/kg.  (except  where 

stated  as  miM/l.  H2OJ 

Animal 

Tissue 

Na 

K 

Ca 

Mg 

c:i 

SO. 

Caudina^^ 

plasma 

460 

11.8 

10.7 

50.5 

523 

29 

skin 

302.7 

78.7 

270 

90.4 

277.5 

95.5 

muscle 

191 

138.5 

88.7 

39.2 

122 

65.2 

blood  cells 

202 

176 

6.9 

14.5 

126 

131.5 

sea  water"' 

440 

9 

9 

510 

Phascolosoma"' 

body  fluid 

378 

38 

10.5 

430 

muscle 

122 

106 

8.5 

91 

Thyone"^ 

muscle 

173 

169 

14. 

204 

Numerous  analyses  of  body  tissues  in  a  variety  of  animals  show  the  tendency 
to  concentrate  potassium  and  calcium  and  to  Hmit  chloride  and  sodium  (Table 
8).  In  sixteen  marine  gastropods  the  concentration  of  potassium  and  calcium 
in  the  whole  snail  is  uniformly  higher  than  that  of  these  elements  in  sea  water, 
that  of  sodium  is  about  the  same,  and  that  of  magnesium  is  similar  to  or  lower 
than  that  in  sea  water.  ^^  The  ability  of  cells  to  accumulate  certain  elements 
and  to  exclude  others  is  general.  In  marine  algae  the  vacuolar  sap  differs  from 
the  protoplasm,  and  both  differ  from  the  sea  water.  The  mechanisms  of  ionic 
selection  constitute  important  cellular  problems  and  have  been  frequently 
reviewed. ■^^'  ^'^  Our  present  concern,  however,  is  with  the  ionic  correspond- 
ence between  the  body  fluids  of  animals  and  their  medium. 

IONS  IN  BODY  FLUIDS  AND  IN  EXTERNAL  MEDIA 

Concentration  of  Ions.  Table  9  presents  representative  analyses  of  ions  in 
millimols  per  liter  of  body  fluids  of  a  variety  of  animals.-  In  a  general  way  the 
similarities  are  more  striking  than  the  differences  among  phyla  and  classes. 
Usually  the  total  sum  of  cations  exceeds  the  sum  of  all  anions,  the  anion  deficit 
being  made  up  by  proteins  and  amino  acids. 

The  concentrations  of  different  ions  in  the  body  fluids  of  an  animal  in  a 
given  medium  may  vary  with  the  season  and  temperature,  with  physiological 
state,  and  with  sex,  age,  and  other  conditions.  The  blood  of  crayfish,  for 
example,  taken  in  May  and  June,  has  a  higher  concentration  of  Na+  and  a 
lower  concentration  of  Ca++  than  that  of  crayfish  taken  in  January  and 
February.  ^^  The  blood  of  butterflies  in  the  larval  stage  contains  more  Mg+  + 
and  CI-  but  less  K+  and  phosphate  than  does  that  in  the  pupal  stage.  -^ 

Insects  are  remarkable  in  the  high  potassium  and  low  sodium  in  the  serum, 
the  ratio  of  Na  to  K  being  consistently  lower  than  that  in  frogs  and  mammals. 
A  silkworm  has  in  its  body  fluids  about  the  same  sodium  concentration  as  the 
mulberry  leaves  on  which  it  feeds,  but  on  pupation  it  loses  practically  all  of 
its  sodium  and  the  pupal  tissues  contain  much  potassium  but  negligible 
sodium.  ^"  A  series  of  carnivorous  insects  showed  an  Na  to  K  ratio  greater 
than  1,  and  a  series  of  herbivorous  insects  showed  an  Na  to  K  ratio  of  less 
than  1.  24.  25     However,  diet  per  se  does  not  determine  the  Na/K  ratio,  at 
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least  in  the  cockroach,  ^-'^    and  whether  the  ratio  is  less  or  greater  than  1  may 
be  a  genetic  character. 

Many  cellular  functions  vary  with  the  ratio  of  alkaline  metals  to  alkaline 
earths.  This  ratio  [(Na+K)/(Ca+Mg)]  is  higher  in'vertebrate  bloods  than 
in  body  fluids  of  invertebrate  animals.  ^'^ 


TABLE  9 

CONCENTRATION  OF  IONS  IN  SEA  WATER  AND  IN  BODY  FLUIDS 
For  sea  water,  in  mM/1.;  in  body  fluids,  in  mM/1.  (except  where  stated  as  mM/1.  H:;0) 


x\a 

K 

Ca 

Mg 

CI 

SO4 

Sea  Water 

Millport^"' 

447 

9.55 

9.81 

51.3 

525 

34.1 

Plymouth'^" 

465 

9.9 

10.2 

53.0 

542 

35.0 

Helgoland'"' 

449 

10.2 

10.4 

■46.6 

540 

St.  Andrews,  N.S.^' 

429 

9.04 

9.4 

47.0 

494 

26.4 

Sal.  Cove,  Me. 

417 

9.10 

9.41 

50.1 

483 

30.3 

(Smith,  in  Cole^") 

Sal.  Cove,  Me.^' 

457 

8.5 

9.68 

33.8 

492 

25.6 

Woods  Hole"' 

383 

10.5 

10.7 

53.4 

524 

27.2 

Japan'^ 

440 

9.0 

9.0 

510 

420 

9.0 

9.5 

50.2 

500 

25.0 

Marine 

Inve 

RTEB RATES 

Coelenterates 

Aurelia"^ 

St.  Andrews 

429 

12.4 

9.23 

43.7 

485 

22.1 

Casco 

402 

12.3 

9.56 

45.3 

487 

20.2 

Cyanea" 

420 

14.9 

9.6 

50.2 

540 

10.5 

Aequorea" 

430 

23.0 

9.5 

50.2 

530 

22.3 

Echinoderms 

Echinus'"' 

444 

9.6 

9.9 

50.2 

522 

34.0 

(mM/1.  H.O) 

Echinus^" 

530 

13.3 

12.8 

50.3 

549 

Strongylocentrotus 

420 

9.7 

9.58 

47.1 

488 

24.0 

(Smith,  in  Cole^'O 

Strongylocentrotus'^ 

461 

9.59 

8.8 

31.0 

510 

25.4 

Echinarachnius 

417 

9.22 

9.37 

49.3 

488 

29.9 

(Smith,  in  Cole'^) 

Solaster 

421 

9.65 

9.58 

49.6 

488 

30.0 

(Smith,  in  Cole") 

Chirodota 

421 

9.65 

10.18 

55.1 

488 

30.2 

(Smith,  in  Cole'") 

Asterias  v. 

412 

9.56 

9.31 

50.0 

488 

30.1 

(Smith,  in  Cole'") 

Asterias  v.'" 

460 

8.26 

9.00 

30.7 

505 

25.6 

Cucumaria  t'. 

420 

9.7 

9.31 

50.1 

487 

29.9 

(Smith,  in  Cole") 

Annelids  and  Sipuncnlids 

Phascolosoma"' 

377 

38.0 

10.5 

430 

(Smith,  in  Cole'") 

Amphitrite  b. 

406 

13.0 

9.51 

54.8 

477 

30.8 

Echiurus  ]}. 

439 

12.6 

9.18 

42.5 

480 

30.8 

(Smith,  in  Cole'") 

Glycera  d. 

9.6 

10.0 

61.2 

483 

27.5 

(Smith,  in  Cole") 

Inorganic  Ions 
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CONCENTRATION  OF  IONS  IN  SEA  WATER  AND  IN  BODY  FLUIDS 

For  sea  water,  in  mM/L;  in  body  Huids,  in  mM/1.  (except  where  stated  as  miM/l.  ll^O; 


Na 

K 

Ca 

Mg 

CI 

SO. 

Molluscs 

Venus  m." 

438 

7.39 

9.50 

25.0 

514 

25.6 

Mytilus" 

449 

7.69 

11.7 

538 

Doris'-' 

513 

14.8 

12.45 

53.5 

529 

Aplysia'-' 

588 

12.1 

12.5 

53.7 

625 

Eledone"-' 

425 

12.2 

11.6 

57.2 

480 

43.1 

Eusepia"" 

456 

11.5 

12.0 

51.3 

530 

28.9 

Arthropods 

Carcinus'"" 

513 

11.9 

12.9 

19.0 

540 

20.0 

Carcinus'-' 

575 

7.43 

12.4 

26.5 

544 

Cancer'"' 

501 

12.0 

13.8 

27.3 

511 

30.1 

Cmi\l/1.  H,0) 

Cancer'^ 

459 

10.2 

11.9 

21.9 

479 

18.8 

Pachygrapsus 

496 

10.5 

16.5 

10.0 

Callinectes 

460 

13.5 

19.78 

9.5 

480 

11.4 

(Smith,  in  Cole^^) 

Eriocheir'' 

492 

9.98 

Eriocheir'"' 

8.64 

11.5 

15.8 

441 

Homarus  (mM/1.  H.O)'^ 

'     510 

14.05 

14.6 

7.1 

515 

10.0 

Homarus  (Me.) 

465 

8.55 

10.45 

4.78 

498 

(Smith,  in  Cole") 

Homarus  (N.  Y.) 

463 

8.92 

19.0 

9.2 

495 

10.6 

(Smith,  in  Cole"') 

Homarus  (Me.)" 

455 

9.28 

17.1 

9.0 

472 

5.1 

Panuhrus'"" 

461 

9.09 

19.4 

10.3 

Mesidotea  (brackish)-' 

203 

6.15 

12.56 

11.55 

207 

7.18 

Fresh-water 

Cambarus^^ 

381 

11.8 

9.92 

2.55 

118 

Cambarus  clarki'"" 

160 

5.76 

12.2 

2.0 

Astacus" 

152 

2.81 

12.0 

2.48 

176 

Anodonta"- 

15.4 

0.38 

5.3 

0.353 

10.55 

1.53 

Anodonta^^ 

7.5 

18.2 

0.14 

Terrestrial 

Earthworms 

Pheretima^ 

blood 

41.3 

18.8 

4.25 

2.88 

14.3 

0.34 

coel.  fluid 

80.5 

5.9 

5.6 

16.3 

22.8 

0.24 

Insects 

Honeybee" 

5.0 

24.3 

3.73 

7.81 

33.2 

larva 

Sphynx'^ 

4.35 

48.4 

7.48 

Cecropia*^ 

7.0 

50 

7.35 

Saturnia  p.'^ 

3.04 

39.1 

7.13 

Sphynx"*" 

0 

35.2 

8.25 

23.0 

16.8 

Periplaneta^" 

hemolymph 

169 

27.1 

serum 

107 

17.3 

Bombyx  larva 

14 

40 

(mM/1.  H=0)^=^' 

Hydrophilus''^ 

119 

13.3 

1.1 

20 

40 

0.14 

Dytiscus"* 

133 

10 
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CONCENTRATION  OF  IONS  IN  SEA  WATER  AND  IN  BODY  FLUIDS 
For  sea  water,  in  mM/1.;  in  body  fluids,  in  mM/1.  (except  where  stated  as  mM/1.  H2O) 


Na 

K 

Ca 

Mg 

CI 

SO. 

Calliphora-'' 

148 

37 

Apis^* 

10 

45 

Vebtebrates 

Marine 

Myxine 

400 

9.06 

5.26 

22.6 

448 

6.00 

(Smith,  in  Cole^'O 

Acanthias*^ 

257 

6.91 

Raja  stabul."= 

236-267 

4.5-5.2 

Raja  diaph."'' 

166-237 

6.8 

Carcharias  lit."' 

258-275 

5.45 

Mustelus  canis"" 

270 

4.4,5.6 

Lophius  pisc.^" 

198 

7.5 

Lophius"* 

228 

6.4 

2.3 

3.7 

164 

Sygnathus'" 

207 

16.2 

3.5 

9.7 

166 

Muraena'" 

252 

24.2 

3.78 

2.8 

179 

Gadus**' 

181 

10.0 

Caretta  car/" 

151 

6.7 

Amphibious 

Frog  (mM/1.  HoOy'"- 

108 

2.6 

Frog^^ 

103.8 

2.5 

2.0 

1.2 

74.3 

Chrysemys  marg/" 

120,  149 

3.3 

Pseudemys  eleg.^" 

126 

3.3 

Terrestrial 

Man^^ 

131 

5.23 

2.34 

0.865 

110 

Man""' 

145 

5.12 

2.49 

1.235 

103 

2.51 

Man^" 

109 

5.0 

2.52 

1.0 

107 

Man"'' 

157 

5.4 

Dog" 

141.4 

4.66 

2.47 

0.95 

108.8 

Rat" 

145 

6.2 

3.1 

1.6 

116.0 

Hydrogen  Ion  Concentration.  Animals  maintain  a  relatively  constant 
hydrogen  ion  concentration  which  is  usually  more  acid  than  the  medium 
(Table  10).  Sea  water  is  alkaline  (pH  8.0  to  8.1),  whereas  the  blood  and 
body  fluids  of  marine  animals  have  a  pH  usually  between  7.2  and  7.8.  Fresh 
water  is  also  for  the  most  part  alkaline,  although  in  some  swamps  and  bogs  the 
water  may  be  more  acid  than  the  blood  of  inhabitants.  Willmer  ^-'^  found 
the  blood  of  some  South  American  fish  to  have  a  similar  hydrogen  ion  con- 
centration, whether  the  fish  came  from  rivers  (pH  6.7)  or  from  acid  swamps 
(pH  3.8—5.0).  No  data  are  available  on  the  pH  of  gastrotrichs  and  other 
invertebrate  inhabitants  of  acid  swamps.  A  few  representative  pH  values  for 
insect  bloods  are  given  in  Table  10;  most  insect  bloods  are  unique  in  being 
slightly  acid.  A  tabulation  of  the  pH  values  for  72  species  of  insects  gives  only 
fourteen  values  higher  than  pi  I  7.0.  Land  vertebrates  have  a  blood  pH  usually 
near  7.4. 

Ionic  Regulation.  The  ability  of  an  aquatic  animal  to  adjust  to  the  medium 
or  to  regulate  the  concentration  of  a  particular  element  is  indicated  by  the  ratio 
of  the  concentrations  inside  to  the  concentrations  outside  the  body  (1  able  11). 


Inorganic  Ions 
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Departure  from  unity  in  this  ratio  and  maintenance  of  a  given  ionic  composi- 
tion when  the  external  medium  is  changed  reflect  ionic  regulation.  The 
amount  of  magnesium  and  sulfate  in  the  marine  environment  is  much  greater 
relative  to  other  ions  than  is  the  amount  in  the  environment  of  freshwater 
animals.  Animals  which  adjust  osmotically  to  the  medium  may  regulate  ion- 
icallv. 


TABLE  10.  AVERAGE  VALUES  OF  BLOOD  OR  OTHER  BODY  FLUID 

pH  OF  A  VARIETY  OF  ANIMALS,  SELECTED  FROM  THE 

EXTENSIVE  LITERATURE 


Animal                     Blood  pH 

Medium 

Animal                     Blood  pH 

Medium 

Oyster"" 

7.2 

Myxine  glutinosa 

7.63 

Venus  (mantle)  (Del.)' 

'  7.65 

8.01 

(Smith,  in  Cole'") 

Venus  (mantle)  (Me.)"  7.9 

Phryganea 

Venus   (blood)    (Del.)' 

'  7.68 

8.01 

(Trichoptera)'" 

6.7-6.S 

»     7.3-8.2 

Limulus  (Del.)'"' 

6.98 

8.01 

Phryganea 

Limulus  (Me.)" 

7.47 

8.1 

(Trichoptera)'" 

6.7-6.S 

i     3.1-3.335 

Limulus  (Me.) 

7.24 

Molanna 

(Smith,  in  Cole") 

(Trichoptera)'" 

6.9-7.12  8  or  5.36 

Callinectes   (Me.) 

7.55 

Honeybee 

6.83 

(Smith,  in  Cole") 

larva'« 

Cancer" 

7.81 

8.1 

Several 

6.79 

Carcinus^° 

7.42 

grasshoppers^ 

Homarus  (Me.)" 

7.61 

Bombyx 

6.7-6.8 

Homarus  (N.Y.)" 

7.55 

larvae^" 

Homarus  (Me.)" 

7.45 

8.1 

Tenebrio  molitor"" 

6.7 

Cucumaria 

7.8 

8.1 

Lucanus  cer.''" 

6.7 

(coel.  fl.)  (Me.)" 

Carabus  canc.^^" 

7.0 

Cucumaria  (Me.) 

7.3 

Drosophila'" 

7.1 

(Smith,  in  Cole") 

Chironomus'" 

7.49 

Asterias  (coel.  fl.)  (Me. 

)7.2 

8.1 

Lumbricus  (coel.  fl.)'" 

6.7 

(Smith,  in  Cole") 

Anadonta  cygnea'"" 

7.29 

Fresh  water 

Asterias  (Me.)" 

7.54 

8.1 

Astacus 

7.7-7.J 

J 

Solaster  endica  (Me.) 
(Smith,  in  Cole") 

6.9 

(normal  blood)^ 
Astacus 

(in  calcification)^ 

8.0-8.: 

) 

Strongylocentrotus  (Me 

)7.2 

haimara  (oxyg.  blood 

6.8 

6.7 

(Smith,  in  Cole") 

at  0  mm.' COO"" 

Strongylocentrotus 

7.8 

baiara  (o.xyg.  blood 

6.5 

6.7 

(Me.)" 

at  0  mm.  CO.)"" 

Echinus  (Me.) 

7.6 

bom-bom  (oxyg.  blood 

6.7 

3.8-5.0 

(Smith,  in  Cole") 

at  0  mm.  CO..)''" 

Amphitrite   (Me.) 

6.8 

hassa  (oxyg.  blood 

6.8 

3.8-5.0 

(Smith,  in  Cole") 

at  0  mm.  CO.)"" 

Glycera  (Me.) 

7.4 

electric  eel  (oxyg.  blood  6.2 

3.8-5.0 

(Smith,  in  Cole") 

at  0  mm.  CO.)"^ 

Table  1 1  shows  that  in  echinoderms  there  is  practically  no  ionic  regulation 
in  the  inorganic  composition  of  the  coelomic  fluid  except  for  a  slightly  higher 
potassium  concentration.  The  ambulacral  fluid  is  continuous  with  sea  water, 
except  in  holothurians,  and  the  coelomic  fluid  in  all  echinoderm  classes  which 
have  been  examined  is  more  similar  to  sea  water  than  that  in  any  other 
phylum.    Despite  the  similarity  of  echinoderm  body  fluid  to  sea  water,  the 
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TABLE  1 1 .  RATIOS  OF  CONCENTRATION  OF  IONS  IN  BODY  FLUIDS  TO 
CONCENTRATION  IN  MEDIUM  (i/o). 


Animal 

Na 

K 

Ca 

-  Mg 

CI 

SO4 

Coelenterates 

Aurelia"' 

0.99 

1.22 

1.08 

0.99 

1.04 

0.65 

Cyanea' 

1.0 

1.67 

1.0 

1.0 

1.08 

0.421 

Aequorea'' 

1.04 

2.55 

1.0 

1.0 

1.06 

0.894 

Echinoderms  (coel.  fl.) 

Echinus'"" 

0.995 

1.005 

1.01 

0.98 

0.98 

1.00 

Echinus'' 

1.13 

1.21 

1.23 

0.95 

1.04 

Strongylocentrotus  (Me.) 

1.02 

1.065 

1.015 

0.942 

1.02 

0.80 

(Smith,  in  Cole'") 

Strongylocentrotus  (Me.)"" 

1.015 

1.13 

0.92 

0.93 

1.03 

0.99 

Echinarachnius  (Me.)"' 

0.995 

1.011 

0.995 

0.982 

1.01 

0.969 

Solaster  (Me.) 

1.01 

1.06 

1.016 

0.992 

1.01 

1.00 

(Smith,  in  Cole'') 

Chirodota  (Me.) 

1.01 

1.06 

1.085 

1.00 

1.01 

1.007 

(Smith,  in  Cole'') 

Asterias  (Me.) 

0.995 

1.05 

0.99 

0.99 

1.01 

0.995 

(Smith,  in  Cole") 

Asterias" 

1.01 

0.975 

0.93 

0.901 

1.02 

1.00 

Cucumaria 

0.99 

1.06 

0.99 

1.00 

1.01 

0.99 

(Smith,  in  Cole") 

Cucumaria" 

1.00 

0.965 

0.925 

0.99 

1.01 

1.00 

Caudina  (Japan)'- 

0.99 

1.06 

0.99 

0.995 

0.99 

1.05 

Paracentrotus  lividis'' 

1.00 

1.00 

.84 

.99 

1.03 

Sphaerechinus  granularis'' 

1.0 

1.0 

.86 

.99 

.97 

Holothuria  tubulosa'^ 

1.10 

1.08 

.97 

1.06 

1.01 

Molluscs 

Venus  Tmantle  fl.)  (Del.)" 

1.063 

0.918 

2.07 

0.944 

1.17 

1.17 

Venus  (blood)  (Del.)" 

1.104 

0.925 

2.105 

0.923 

1.17 

1.16 

Mytilus'"' 

0.96 

0.70 

1.12 

0.99 

Mytilus" 

0.99 

Patella" 

0.96 

Doris^= 

1.095 

1.35 

1.19 

1.15 

0.99 

Aplysia'^ 

1.258 

1.08 

1.27 

1.15 

1.17 

Aplysia'* 

1.12 

1.105 

0.99 

0.98 

Astropecten  auranticus" 

1.16 

1.11 

0.87 

1.03 

1.04 

Eledone"' 

.89 

1.23 

1.08 

1.03 

.854 

1.50 

Eusepia"" 

.958 

1.16 

1.12 

.93 

.944 

1.01 

Loligo"^ 

.91 

.98 

.98 

Annelids  and  sipunculids 

Sipunculus^' 

1.135 

1.12 

0.886 

1.25 

Sipunculus  nudus'' 

1.06 

.96 

1.28 

1.01 

.54 

Phascolosoma"' 

0.86 

4.22 

1.16 

0.842 

Amphitrite  brunnea 

0.98 

1.43 

1.007 

1.09 

0.99 

1.01 

(Smith,  in  Cole") 

Glycera  dibranchiata 

1.05 

1.06 

1.22 

1.00 

0.908 

(Smith,  in  Cole") 

Aphrodite  aculeata'' 

1.00 

.88 

.93 

.90 

.86 

Arenicola  clap." 

1.39 

1.17 

1.0 

1.0 

.92 

Arthropods  (Marine) 

Limulus  (N.  Y.) 

0.933 

1.346 

1.039 

0.522 

0.882 

0.644 

(Smith,  in  Cole") 

Limulus  (Del.)" 

0.99 

1.112 

0.949 

0.828 

0.972 

0.824 

Limulus"* 

1.01 

0.964 

Cancer"'^ 

1.12 

1.26 

1.41 

0.529 

0.973 

0.888 
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TABLE  1 1  (continued) 


RATIOS  OF  CON  CENT  R  AT  lO:^  OF  lO\S  IN  BODY  ELUIDS  TO 
CONCENTRATION  IN  MEDIUM  (i/o). 


Animal 

Na 

K 

Ca 

M« 

CI 

SO. 

Cancer  (Me.)'' 

1.004 

1.20 

1.186 

0.648 

0.974 

0.740 

Maja  squinado^" 

1.08 

.96 

1.0 

1.0 

.83 

Carcinus  maenas^' 

1.19 

.79 

1.03 

.93 

Cancer  Csummer)'"' 

1.09 

2.78 

1.29 

0.630 

1.01 

Cancer  (winter)''' 

1.21 

0.835 

0.95 

0.505 

0.935 

Maja  (ultrafilt.)'" 

1.21 

0.906 

0.742 

0.980 

0.780 

Callinectes  (Me.) 

1.02 

1.26 

1.279 

0.184 

0.914 

0.356 

(Smith,  in  Cole'") 

Carcinus^' 

1.33 

1.17 

0.458 

0.981 

Carcinus'"' 

1.238 

0.668 

0.845 

0.570 

0.975 

Carcinus'-'' 

1.11 

1.21 

1.27 

0.358 

0.998 

0.572 

Homarus  (Me.) 

1.12 

0.94 

1.11 

0.094 

1.02 

(Smith,  in  Cole-'O 

Homarus  (N.  Y.) 

1.028 

0.838 

1.23 

0.178 

0.943 

0.300 

(Smith,  in  Cole^'^) 

Homarus  (Me.)'" 

0.99 

1.09 

1.77 

0.266 

0.96 

0.20 

Homarus'" 

1.06 

1.80 

1.69 

0.088 

0.98 

Eriocheir'"' 

1.11 

1.51 

0.396 

0.898 

Eriocheir^" 

1.05 

0.92 

1.35 

0.82 

Arthropods  (brackish) 

Limulus  (N.  Y.) 

1.625 

1.477 

1.382 

0.319 

1.497 

0.395 

(Smith,  in  Cole^'^) 

Limulus  (Del.)" 

1.082 

1.176 

1.17 

0.783 

0.966 

0.343 

Callinectes  (N.  Y.) 

2.531 

1.879 

4.095 

0.186 

2.322 

0.318 

(Smith,  in  Cole") 

Homarus  (N.  Y.) 

1.45 

1.678 

3.505 

0.332 

1.525 

0.350 

(Smith,  in  Cole") 

Mesidotea  (Baltic)-' 

2.48 

3.42 

4.62 

1.165 

2.015 

1.21 

Arthropods  (fresh-water) 

Eriocheir'"' 

98.5 

14.82 

9.2 

825. 

Astacus'"' 

101. 

16.58 

7.1 

575. 

Astacus" 

152. 

36.4 

8.1 

10.0 

365. 

Cambarus*^ 

64.5     ; 

>100. 

9.1 

5.63 

591. 

Ascidians 

Ascidia*"' 

1.05 

Phallusia^' 

1.14 

1.11 

.97 

1.09 

.99 

Ciona'' 

1.04 

1.01 

.87 

1.05 

.73 

Vertebrates  (marine) 

Cyclostomes 

Myxine 

0.968 

1.0 

0.564 

0.450 

0.928 

0.197 

(Smith,  in  Cole") 

Polistotrema-^ 

0.89 

Elasmohranchs 

Raja  stabuliforis  (marine)"' 

0.60 

0.53 

0.393 

0.052 

0.513 

Raja  diaphenes  (brackish)"- 

1.15 

1.47 

1.13 

0.153 

1.01 

0.235 

Carcharias  littoralis  (marine) 

'^  0.60 

0.513 

0.378 

0.046 

0.453 

0.016 

Torpedo  ocellata'' 

0.246 

0.079 

0.127 

0.223 

Scyllium  canicula'" 

0.964 

0.352 

0.108 

0.495 

Teleost 

Salmo  fontinalis'' 

0.50 

0.333 

0.0151 

0.185 
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ions  in  muscle,  in  skin,  and  in  blood  cells  are  all  very  different  (Table  8).* 

Coelenterates  show  limited  ionic  regulation.  Jellyfish,  for  example  (Table 
11),  have  a  cardiovascular  cavity  containing  sea  water,  but  the  jelly  differs  from 
the  sea  in  the  proportion  of  its  ions,  particularly  in  higher  potassium  and  lower 
sulfate.  The  total  osmotic  concentration  of  the  jelly  is  the  same  as  that  of 
sea  water.   Sea  anemones  contain  less  calcium  than  does  sea  water.  ^'* 

Ionic  regulation  in  marine  molluscs,  sipunculids,  and  annelids  has  not  been 
much  studied.  The  ratio  of  various  ions  inside  to  outside  is  near  1.0  for  Aplysia 
and  Doris,  but  the  blood  calcium  is  high  in  Venus  and  the  blood  potassium  low 
in  Mytilus  (Table  11).  The  sipunculid  Phascolosoma  maintains  its  body  fluid 
ions  at  levels  differing  greatly  from  those  of  ions  in  sea  water. ^"  This 
is  the  more  significant  because  Phascolosoma  has  such  low  salt  permeability  as 
to  appear  semipermeable  (Chapter  2,  p.  11).^  Some  marine  polychaetes 
which  adjust  osmotically  to  the  medium  have  nephridia  which  probably  are 
not  used  for  water  regulation,  but  which  may  well  function  in  ionic  regulation. 

Ionic  regulation  in  arthropods  presents  a  varied  picture.  Table  11  shows 
that  in  sea  water  the  sodium  and  chloride  content  of  Limuhis,  crabs  such  as 
Cancer,  Callinectes,  Maja,  and  Carcinus,  and  the  lobster  Homariis  varies  by 
not  more  than  10  per  cent  from  that  of  sea  water,  whereas  that  of  potassium  is 
usually  higher.  Most  of  these  arthropods  also  have  a  calcium  concentration  a 
little  higher  than  that  of  the  ocean.  The  lobster  is  remarkable  in  having  con- 
siderably more  calcium  than  potassium  in  its  blood.  All  Crustacea  show  mag- 
nesium and  sulfate  concentrations  much  lower  than  those  of  sea  water. 
Webb  ^-^  presents  a  series  in  order  of  decreasing  degree  of  ionic  regulation: 
Homarus,  Carcinus,  Cancer,  whereas  in  osmotic  regulation  the  order  is  Car- 
cinus, Cancer,  Homarus.  Arthropods  in  brackish  water  maintain  the  same 
general  proportions  among  the  ions  as  when  in  sea  water.  Callinectes,  Mesi- 
dotea,  and  Homarus  from  brackish  water  have  strikingly  high  calcium  content 
of  the  blood  (Table  11).  Fresh-water  Crustacea  contain  high  sodium  and 
chloride,  which  are  responsible  for  their  high  osmotic  pressure.  Potassium 
content  is  high,  and  the  ratio  of  magnesium  to  calcium  is  higher  in  the  cray- 
fish than  in  most  marine  crustaceans. 

Among  vertebrates  magnesium  content  is  relatively  lower  than  it  is  among 
invertebrates.  In  summary,  ionic  regulation  at  the  cellular  level  does  not 
require  ionic  regulation  of  body  fluids  in  aquatic  animals;  some  animals  that 
show  osmotic  adjustment  show  ionic  regulation;  all  that  regulate  osmotically 
also  regulate  ionically. 

RESPONSES  TO  ALTERATIONS  IN  THE  MEDIUM 

Macallum  ^^-  ^^  pointed  out  that  the  body  fluids  of  some  marine  inverte- 
brates are  like  the  ocean  of  today  in  ratios  of  the  different  salts,  except  for 
slightly  lower  magnesium  and  sulfate;  these  invertebrates  lack  circulatory 
systems  (Aurelia)  or  have  an  open  type  of  circulatory  system  (Limulus).  Verte- 
brates differ  most  strikingly  from  invertebrates  in  lower  chloride  content  and 
hence  lower  salinity,  virtual  absence  of  sulfate,  and  very  much  lower  mag- 
nesium content.  Macallum  suggested  that  the  inorganic  ions  in  the  bloods  of 
"higher"  animals  resemble  the  ionic  proportions  present  in  the  ocean  at  the 

*  Since  this  chapter  was  written  Robertson^"''*  has  published  excellent  analyses  of 
dialyzed  body  fluids  of  many  marine  invertebrates.  These  data  show  that  the  potassium 
concentration  of  starfish  body  fluid  is  significandy  higher  than  that  of  sea  water. 
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time  when  their  ancestors'  blood  became  separated  within  a  closed  circulation, 
whereas  the  fluids  of  animals  like  Aurelia  and  Limulus  have  changed  with  the 
ocean,  changes  in  calcium  and  potassium  occurring^  faster  than  changes  in 
sodium,  magnesium,  and  especially  sulfate.  Changes  in  the  environment  and 
in  the  organisms  were  thought  to  be  very  slow.  Macallum  suggested  that  the 
circulatory  system  of  ancestors  of  the  lobster  was  cut  off  from  the  sea  very  early, 
and  that  possibly  the  modern  lobster  came  from  fresh-water  ancestry.  Un- 
fortunately for  the  theory,  the  circulatory  system  of  the  lobster  is  open,  like 
that  of  Limulus.  Macallum's  general  theory  was  well  supported,  with  respect 
to  the  vertebrates,  by  geological  evidence  regarding  the  composition  of  the 
ocean  at  different  ages. 


8         10 
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12        14         16        18       20       22        24      26 
Iq     (MG/ML) 


Fig.  23.   Concentration  of  chloride  in  blood  (Cli)  in  mg./ml.  as  a  function  of  chloride 
in  the  medium  (CL),  in  Mesidotea  and  Astacus.  From  Bogucki."'  "^ 

Fredericq  ''^  also  emphasized  the  rapid  movement  of  water  and  slow 
changes  in  ions  in  the  blood  of  various  marine  invertebrates  on  transfer  to 
dilute  media. 

Tests  of  Macallum's  hypothesis  and  of  the  limitations  imposed  by  salt 
balance  on  animal  distribution  have  been  made  by  placing  aquatic  animals  in 
sea  water  of  different  tonicities,  or  in  solutions  containing  ions  in  proportions 
differing  from  those  in  the  customary  media,  then  measuring  the  changes  in 
composition  of  the  animals'  blood. 

The  effects  on  ionic  composition  of  transfer  to  different  concentrations  of 
sea  water  are  shown  for  several  crustaceans  in  Table  12  and  Figures  23-25. 
When  fresh-water  crustaceans  such  as  Astacus  or  Telphusa  or  a  fresh-water 
Eriocheir  is  transferred  to  various  dilutions  of  sea  water,  numerous  changes 
occur.  The  water  content  of  blood  and  of  muscle  may  diminish  slightly;  the 
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protein  content  of  blood  decreases  greatly.  "*'^  The  various  ions  increase,  but 
in  different  proportions;  usually  Na"'"  and  Cl~  increase  more  than  K  *^,  and 
all  these  more  than  Ca+  +  .  When  marine  animals  such  as  Mesiciotefl  ^^  and 
Carciniis'^''-  ^^'*  are  transferred  to  dilute  sea  water,  reverse  reactions  occur, 
and  the  blood  constituents  are  diluted  in  different  proportions.  These  changes 
occur  rapidly  during  the  first  few  hours  and  then  more  slowly,  equilibrium 
usually  being  reached  in  2  to  7  days.  A  relatively  constant  body  weight  is 
maintained.  The  net  result  is  that  the  ratios  among  the  different  ions  change 


Fig.  24.  Concentrations  of  sodium,  potassium,  calcium,  and  of  total  protein  (PR)  in 
the  blood  of  Carcinus  as  a  function  of  the  concentration  of  the  medium  (dilute  sea 
water)  in  freezing  point  (Ao).    From  Drilhon-Courtois." 

with  a  change  in  total  tonicity.  Blood  proteins  decline  with  increase  in  blood 

salts  (Fig.  24). 

Changes  in  blood  chloride  have  been  followed  m  numerous  species.  In 
dilute  sea  water  the  blood  chloride  concentration  decreases,  but  some  regula- 
tion occurs,  and  below  a  certain  concentration  the  blood  chloride  remains 
nearly  constant  (Mesidotea,  Fig.  23).  In  Gamviarns,  correspondence  of  blood 
chloride  to  chloride  in  the  medium  occurs  in  higher  concentrations,  and  regu- 
lation to  a  constant  blood  chloride  occurs  in  very  dilute  media  (Fig.  25). 
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Blood  chloride  appears  to  be  more  labile  than  tissue  chloride  in  crustaceans. 
When  gammarids  (fresh-water,  brackish,  and  marine  species)  were  trans- 
ferred to  media  of  different  tonicities,  the  blood  chloride  changed  more  than 
the  muscle  chloride  did  (Fig.  25).  Eriocheir,  which  is  marine-like  in  excreting 
a  small  volume  of  near-isotonic  urine,  has  a  blood-to-tissue  Cl~  ratio  of  280:43, 
whereas  in  Astacus,  which  excretes  copious  dilute  urine,  the  blood-to-tissue 
CI"  ratio  is  189:378.  The  ions  of  Eriocheir  and  Astacus  bloods  change  dis- 
proportionately in  different  media.  ^^  In  Mytilus,  on  the  other  hand,  the 
blood  chloride  changes  in  proportion  to  the  sea  water  chloride,  but  changes  in 
muscle  chloride  are  greater.  ''**  Changes  in  blood  and  tissue  chloride  occur 
rapidly  in  Mytilus,  and  the  animals  die  if  their  chloride  content  is  severely 
depleted.  ^^ 


B  lood 


200- 


.    /  ^  Tissue    CI 


100  200        300         400         500  600 

S.W.    EQUIVALENT      mM    No  CI 

Fig.  25.  Blood  osmotic  pressure  (O.P.),  blood  chloride  (CI)  as  mM  NaCl/1.,  and 
tissue  chloride  (CI)  as  mM  NaCl/kg.  wet  wt.  in  Gammarus  dueheni  (brackish),  G. 
ohtusatus  (marine),  and  G.  pulex  (fresh-water)  in  dilutions  of  sea  water  corresponding 
to  the  concentrations  of  NaCl  given  on  the  abscissa.     From  Beadle  and  Cragg.*" 

When  mosquito  larvae  (Aedes  detritus)  are  in  different  dilutions  of  sea 
water,  both  total  osmotic  concentration  and  chloride  concentration  are  well 
regulated,  but  they  show  progressive  changes  with  external  concentration,  os- 
motic concentration  and  chloride  content  changing  disproportionately.  Larvae 
of  Aedes  aegypti  regulate  CI"  well  in  dilute  but  not  in  hvpertonic  media 
(Fig.  26). 

The  effects  of  disproportionate  changes  in  particular  elements  also  indicate 
selective  ionic  regulation.  Those  animals  with  some  ions  present  in  nearly 
the  same  concentration  as  in  sea  water  change  their  concentration  of  these  ions 
readily.  Sea  anemones  ^^  in  dilute  sea  water  increase  their  water  and  decrease 
their  calcium  concentration,  whereas  in  a  mixture  of  sea  water  and  isotonic 
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CaClo  the  calcium  concentration  in  the  anemones  doubles  in  48  hours.  Table 
12  shows  in  the  holothurian,  Caudhia  chilensis,  the  effects  of  disproportionate 
increases  in  K  +  ,  Ca++,  and  Na+  and  decrease  in  S04=  in  the  medium. 
Within  5  days  the  body  fluid  alters  in  salt  balance  to  conform  to  the  altered 
environment;  two-way  permeability  is  indicated.  Sea  urchins  take  up  Nal  by 
exchange  with  NaCl  through  the  body  surface.  "  Echinoderms,  which 
nearly  correspond  ionically  to  the  sea,  lack  a  closed  circulatory  system  and  thus 
conform  to  Macallum's  hypothesis;  however,  other  animals  which  have  an 
open  circulatory  system  show  disproportionate  changes  in  ionic  concentrations 
in  a  changed  medium.  The  worm,  Phascolosoma,  shows  no  osmoregulation 
but  does  show  good  salt  regulation;  the  content  of  Cl~  in  the  muscles  increases 
more  than  does  that  of  K+,  when  these  elements  are  increased  proportionately 
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Fig.  26.  Relation  between  total  osmotic  pressure  and  chloride  in  blood  of  Aedes 
detritus  larvae  and  those  of  the  medium  expressed  in  equivalent  concentrations  of  NaCl. 
Broken  lines  for  A.  aegypti  from  Wigglesworth.""  Diagonal  straight  line  represents  blood 
and  medium  as  isotonic.   From  Beadle.' 

in  the  medium.  ^^"^  In  such  animals  as  the  crustacean  Carcinus  maenas  and 
the  mollusc  Aplysia  the  ratio  of  ions  can  be  changed  in  a  few  hours  by 
immersion  in  sea  water  containing  an  excess  or  a  deficiency  of  particular 
elements.  ^^  For  example,  in  sea  water  lacking  calcium  the  blood  Ca++  of 
Carcinus  dropped  from  0.6  to  0.3  mg./cc.  in  75  hours,  whereas  the  blood 
Ca++  of  Aplysia  decreased  from  0.5  to  0.15  mg./cc.  in  5  hours.  When  Car- 
cinus is  transferred  to  dilute  sea  water  there  is  a  net  increase  in  salt  excretion 
and  the  percentages  of  Na  +  ,  K+,  Ca+  +  ,  and  CI"  increase  relative  to  the 
medium,  while  the  percentages  of  Mg++  and  S04=  decrease.^-** 

It  is  doubtful  whether  the  kind  of  circulatory  system  has  much  relation  to 
salt  balance,  since  some  animals  with  an  open  circulation  show  considerable 
ionic  regulation.  No  studies  of  ionic  regulation  in  different  media  have  been 
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made  with  aquatic  vertebrates,  although  the  concentration  of  their  blood 
chloride  and  probably  that  of  other  ions  can  change.  The  chloride  concentra- 
tion in  eels  in  fresh  water  is  lower  than  that  in  eels  m  sea  water  by  a  ratio  of 
about  100  to  117.  '^'^  Also  the  ratio  of  Cl~  inside  to  Cl~  outside  in  hagfish 
remains  relatively  constant  in  different  saHnities;  hence  Cl~  must  be  taken  in 
and  given  out.-"^  It  is  probable  that  the  salt  ratios  in  vertebrates  tend  to  be 
more  fixed  than  the  salt  ratios  in  animals  with  open  circulatory  systems.  In 
any  case,  the  invertebrates  which  have  been  studied  show  rapid  alterations  in 
salt  content  and  may  even  change  their  ionic  ratios  with  changes  in  the  en- 
vironment. 

MECHANISMS  OF  IONIC  REGULATION 

Some  animals,  such  as  echinoderms,  differ  very  little  from  sea  water  in  the 
composition  of  their  body  fluids,  whereas  in  others  certain  elements  are  selec- 
tively concentrated  and  other  elements  excluded.  The  ratios  of  salts  inside 
to  out  are  not  static  but  vary  somewhat  according  to  the  medium.  How  is  the 
unbalance  in  ionic  concentration  in  body  fluids  maintained? 

Physical  Factors.  One  physical  factor  which  might  make  for  concentration 
differences  is  the  Donnan  equilibrium.  That  is,  some  of  the  ions  may  normal- 
ly be  bound  to  ions  of  opposite  sign  (largely  proteins)  which  cannot  diffuse 
across  body  membranes,  keeping  the  concentration  of  the  bound  ions  higher 
than  on  the  side  lacking  the  nondiffusible  substance.  Electrical  and  osmotic 
equilibria  apply  only  if  some  of  the  protein  molecules  have  more  than  one 
ionizing  group.  The  Donnan  equilibrium  requires  that  the  product  of  dif- 
fusible cations  (positive  ions)  inside  and  the  diffusible  anions  (negative  ions) 
inside  is  equal  to  the  product  of  diffusible  cations  outside  and  diffusible  anions 
outside,  as  follows  for  sodium,  protein,  and  chlorine: 


Nai  CI,       1 

Nao  Clo 

Na,  Pri       1 

Na.    Clo 

Na,  >  Nao 

Na„    CI. 

CI,   <  Clo 

In  Limulus  blood  the  sodium  and  chloride  ratios  agree  well  with  values  pre- 
dicted on  the  basis  of  a  Donnan  equilibrium.  ^^'  ^^^ 

If  the  concentration  gradient  of  all  ions  were  maintained  by  protein  binding, 
the  Donnan  ratios  should  hold  for  all  elements,  and  on  dialysis  against  sea 
water  (for  marine  bloods)  the  ionic  differences  should  persist.  Table  13  gives 
analyses  of  blood  of  several  animals  before  and  after  dialysis  against  sea  water. 
This  table  shows  that  in  Echinus  where  the  protein  is  low  there  is  no  signifi- 
cant difference  in  ionic  composition  after  dialysis.  In  the  crustaceans,  however, 
with  higher  protein,  some  elements,  such  as  K+  and  Na+,  are  less  concen- 
trated, and  others,  such  as  Mg^'+  and  S04"~,  are  more  concentrated  after 
dialysis.  The  minor  differences  between  the  blood  and  sea  water  after  dialysis 
across  an  inert  membrane  and  the  large  differences  between  dialyzed  and 
undialyzed  blood  show  the  small  part  played  by  protein  binding. 

A  second  physical  factor  is  difference  in  diffusion  rates.  Most  animals  are 
permeable  to  salts  in  varying  amounts.  Many  experiments,  for  example  on 
Cauciina  body  wall  and  on  the  cuticle  of  the  foregut  of  Homarus,  indicate  that 
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ions  cross  body  membranes,  other  things  being  equal,  in  a  scries  correspond- 
ing to  their  mobiHties:  K>Na>Ca>Mg;  C1>S04.  Specific  differences  in  the 
rate  of  penetration  could,  however,  ^°-  account  for  concentration  differences 
only  if  all  the  ions  were  lower  in  concentration  inside  than  out.  An  ion  could 
not  become  more  concentrated  inside  by  fast  diffusion  alone. 

TABLE  13.  COMPOSITION  OF  BODY  FLUIDS  BEFORE  AND 
AFTER  DIALYSIS  AGAINST  SEA  WATER'"-  ^"^ 


a.  Concentration  in  mg./g.  HoO 


Animal 


Constituent 


Body  Fluid 


Dialysed 
Body  Fluid 


Sea  Water 


Echinus 
esculentus 


Homarus 
vulgaris 


Cancer 
pagurus 


Protein 

Na 

K 

Ca 

Mg 

CI 

SO, 

H2O 

Protein 

Na 

K 

Ca 

Mg 

CI 

SO4 

Protein 

Na 

K 

Ca 

Mg 

CI 

SO4 

H2O 


0.3 

10.22 
0.3746 
0.3994 
1.223 

18.59 
2.601 
985.4 

22.55 

11.71 
0.5503 
0.5874 
0.1732 

18.26 
0.7628 

34.94 

11.55 
0.4684 
0.5519 
0.6583 

18.08 
2.306 
963 


10.19 
0.3687 
0.3950 
1.220 

18.64 
2.582 
985.9 

22.605 

10.57 
0.3773 
0.4618 
1.3085 

18.375 
2.623 

34.88 

10.73 
0.390 
-0.463 
1,301 

18.60 
2.647 
961 


10.3 

0.3744 
0.3938 
1.246 
18.62 
2.609 
986.1 


10.45 
0.3799 
0.3995 
1.264 

18.875 
2.646 


10.47 
0.380 
0.4004 
1.267 

18.93 
2.652 
986.1 


b.  Composition  of  body  fluid  as  per  cent  oF  dialysis  values 


Animal 

Constituent 

Echinus 

Homarus 

Cancer 

Carcinus 

Na 

100 

111 

108 

109 

K 

102 

146 

120 

117.5 

Ca 

101 

127 

119 

107.8 

Mg 

100 

13 

51 

34.2 

CI 

100 

99 

97 

103 

SO4 

101 

29 

87 

60.7 

Active  Absorption.  We  are  forced,  therefore,  to  seek  active  forces  in  ionic 
regulation;  '-*  some  of  these  reside  in  the  body  membranes  and  some  in 
excretory  organs.  Krogh's  studies  of  active  absorption  of  ions  have  been  men- 
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tioned  in  Chapter  2.  He  found  that  a  wide  variety  of  aquatic  animals  actively 
absorb  certain  ions  from  their  medium.  In  order  that  electrical  equilibrium  be 
maintained  the  electrolytes  must  be  absorbed  either  ^s  neutral  molecules  or,  if 
as  ions,  by  exchange  for  another  ion  of  the  same  sign.  CI",  for  example,  may 
be  exchanged  for  HCOs".    Krogh  assumed  that  ammonia  and  bicarbonate 
are  not  taken  up  by  any  active  processes,  and  he  measured  anion  absorption 
from  NH4+  salts,  and  cation  absorption  from  HCOs"  solutions.     A  fresh- 
water bivalve  (Unio  pictorum)  can  concentrate  CI"  as  NaCl  or  can  selectively 
absorb  CI"  from  CaClo.  A  frog  also  absorbs  CI"  with  Na+  from  NaCl  against 
a  concentration  gradient  of  1:1000.    The  frog  can  selectively  take  up  CI" 
from  NH4CI,  CaCl2,  and  KCl;  it  also  absorbs  Br"  but  takes  up  I",  NO3-, 
and  CNS'  only  by  diffusion;  Na+  is  actively  absorbed,  but  not  K+,  NH4+, 
or  Ca+  +  .  The  crab,  Eriocheir,  actively  absorbs  CI",  Br",  and  CNS",  but  not 
NO3-,  I-,  or  S04=;  it  absorbs  Na+  and  K+,  bur  not  Ca+  +  .   In  Crustacea 
and  fish  the  gills  are  permeable  to  salts  in  both  directions;  the  skin  is  less  so.  ^^ 
Very  little  is  known  of  the  membrane  mechanism  for  selective  absorption 
and  exclusion  of  ions,  which  is  a  problem  in  cellular  permeability.    Important 
factors  are  ion  mobility,  membrane  characteristics,  and  exchange  products  of 
metabolism.   An  increasing  amount  of  evidence  is  accumulating,  particularly 
from  the  use  of  radioactive  tracers,  that  there  occurs  continually  a  two-way 
flow  of  salts  and  water  across  cell  membranes.    Measurements  of  differences 
in  total  concentration  on  the  two  sides  of  a  membrane,  therefore,  give  no 
picture  of  the  dynamic  exchange.    Continuous  flow  of  ions  into  and  out  of 
plant  cells  occurs;  similar  two-way  passage  across  the  mammalian  intestinal  wall 
of  Na+,  Cl~,  and  water,  with  net  balances  favoring  the  blood,  has  been 
demonstrated.^-"*   Apparently  salts  cannot  move  without  some  accompanying 
water  movement.  It  is  likely  that  the  use  of  tracers  will  demonstrate  much  more 
lively  movement  of  salts  into  and  out  of  aquatic  animals  than  has  been  sus- 
pected from  chemical  analyses  of  blood,  urine,  and  medium.   Active  uptake 
can  be  most  easily  demonstrated  in  fresh-water  animals,  but  active  absorption 
by  marine  animals  occurs  (e.g.  Carcinus^'-^^^ .    In  growing  animals  the  net 
effect  of  ionic  exchange  must  favor  accumulation. 

Undoubtedly  salt  replacement  from  food  is  important  in  most  species.  Krogh 
was  unable  to  demonstrate  active  absorption  of  ions  by  the  eel;  it  must  rely 
entirely  on  food  for  its  salts. 

Excretion.  Active  selective  absorption  of  ions  is  necessary  in  adult  animals 
only  because  of  continuous  salt  excretion.  Conversely,  a  mechanism  for  the 
baling  out  of  unwanted  ions  is  necessary  because  of  their  continuous  penetra- 
tion. In  the  preceding  chapter  it  was  shown  that  in  fresh-water  animals  the 
kidneys  eliminate  osmotic  water.  Yet  kidneys  certainly  evolved  in  marine 
animals,  which  are  isotonic  with  their  medium.  The  coelenterates  and  echino- 
derms  lack  special  excretory  organs,  and  they  show  least  ionic  regulation.  In 
general,  the  most  successful  ion  regulators  are  animals  with  excretory  organs. 
It  is  reasonable  to  assume  that  in  annelids,  molluscs,  and  arthropods,  kidneys 
arose  and  still  function  in  ionic  regulation;  on  migration  to  fresh  water  the 
kidneys  took  over  water  regulation  secondarily.  In  the  fishes,  on  the  other 
hand,  kidneys  arose  in  connection  with  water  regulation,  and  on  migration  to 
the  sea  the  kidneys  failed  to  take  over  ionic  regulation;  hence  extrarenal  routes 
were  required.  Whether  salt  is  excreted  extrarenally  by  invertebrate  animals 
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is  not  known.  Possibly  the  contractile  vacuole  in  marine  Protozoa  has  an  ion- 
regulating  function. 

Evidence  lor  active  excretion  of  selected  ions  is  given  by  the  ratios  of  urine 

TABLE  14.  RATIOS  OF  CONCENTRATIONS  OF  IONS  IN  URINE  TO 
CONCENTRATIONS  IN  PLASMA  (u/p  ratios). 


%  body  wt. 

excreted  in 

Na 

K 

Ca 

Mg 

CI 

SO. 

PO. 

24  hrs. 

Carcinus'^" 

0.95 

0.78 

0.94 

3.90 

0.98 

2.24 

Carcinus"^ 

1.08 

Cancer^o^ 

0.97 

0.80 

0.89 

1.25 

0.96 

1.33 

Maja^" 

0.83 

1.33 

1.44 

0.98 

1.47 

2.27 

Eriocheir  (S.W.) 

107 

1.15 

0.93 

2.17 

1.135 

Eriocheir  (F.W.)^ 

37 

1.39 

0.47 

0.22 

0.95 

4.2 

Astacus  (F.W.)'"^ 

<.124 

0.264 

0.45 

0.0525 

Cambarus  (F.W.) 

"  0.465 

0.140 

0.087 

0.45 

0.082 

5.22 

Pheretima  (F.W.^ 

(u/coel.  iiy 

0.127 

0.40 

0.536 

0.136 

0.046 

0.71 

48. 

Skate" 

1.0 

27.0 

Sygnathus^" 

0.407 

0.245 

1.85 

10.75 

1.70 

0.74 

Hippocampus^" 

1.01 

2.08 

Lophius'"^ 

0.40 

0.452 

5.67 

19.9 

0.86 

0.229 

Lophius*" 

0.58 

0.23 

3.4 

95.4 

1.18 

36.5 

0.23 

Muraena'" 

0.583 

0.120 

3.6 

26.35 

1.75 

1.4 

man^ 

1.16 

7.5 

1.87 

2.41 

1.63 

20-60 

2.0 

man" 

1.0 

6.85 

1.2 

4.8 

1.33 

to  plasma  concentrations  of  various  elements  (Table  14).  These  ratios  are 
subject  to  much  variation  with  dietary  changes,  etc.,  but  they  indicate  the 
efficiency  of  the  kidney  in  salt  regulation.  In  marine  crustaceans  the  concen- 
trations of  Mg++  and  S04=  are  much  higher  in  urine  than  in  blood;  the 
lower  concentration  of  K+  in  urine  indicates  some  fixation  of  this  element  by 
tissues  and  also  raises  the  possibility  of  extrarenal  salt  excretion.  The  kidneys 
favor  the  retention  of  K+,  Na  +  ,  and  Cl~,  and  the  elimination  of  Mg^  "*^  and 
S04==.  Nagel-'^  injected  iodide  into  Carcinus  and  Hyas  and  found  a  con- 
centration in  the  urine  higher  than  in  the  blood;  the  amount  of  injected  iodide 
excreted  was  greater  in  Hyas  than  in  Carcinus.  In  fresh-water  arthropods  the 
urine  is  hypotonic  but  not  salt-free.  It  is  essential  to  fresh-water  life  to  have 
a  kidney  which  either  reabsorbs  salt  or  secretes  water.  Bialaszewicz  ^^  injected 
large  amounts  of  isotonic  salt  solutions  into  the  crab  Maja  and  measured  the 
amount  excreted  in  urine  over  a  day  or  two.  He  found  the  time  required  for 
return  to  normal  level  was  less  for  KCl  (1.5  hr.)  than  for  CaCl.  (15  hr.),  and 
this  was  less  than  for  MgClo  (23  hr.)  or  i\a2S04  (more  than  120  hr.).  When 
mixtures  were  injected,  various  elements  were  eliminated  at  different  rates. 
The  amount  of  the  different  salts  eliminated  by  the  kidneys  represented  only 
a  small  fraction  (6  per  cent  for  Mg)  of  what  disappeared  from  the  blood  over 
a  period  of  24  hours.  Bialaszewicz  concluded  that  salt  is  stored  in  tissues  and 
that  the  kidneys  are  not  important  in  salt  balance.  This  conclusion  is  hardly 
justified  from  his  nonphysiological  experiment,  and  it  becomes  important  to 
search  for  possible  extrarenal  routes  of  salt  excretion. 
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In  marine  fish  the  kidneys  normally  excrete  most  of  the  Mg++  and  S04=, 
but  the  Na+,  K+,  and  CI""  are  excreted  extrarenally  by  way  of  the  gills.  In 
the  sculpin,  Myoxocephalus,  the  urine  is  normally  free  of  or  very  low  in  CI", 
57,  98  j-,m.^  when  the  fish  are  handled,  a  diuresis  ensues  and  chloride  appears 
in  the  urine.  The  sculpin  can  excrete  a  urine  which  is  supersaturated  in 
MgHP04.  Smith  ^^^'  ^^^  found  no  K+  in  the  urine  of  Lophius  or  Anguilla. 
Selective  secretion  and  reabsorption  of  elements  by  excretory  organs  is,  there- 
fore, an  important  factor  in  ionic  regulation. 

BALANCED  SALT  MEDIA 

The  preceding  sections  have  considered  the  relation  between  animals  and 
their  environment  with  respect  to  those  elements  which  constitute  the  bulk 
of  inorganic  substances  in  living  systems.  The  specific  functions  of  the  differ- 
ent elements,  the  antagonisms  and  interactions  among  them,  comprise  a  large 
section  of  cellular  physiology.  A  proper  balance  among  the  different  elements 
is  necessary  for  optimal  functioning  of  organs,  and  for  growth  and  develop- 
ment; the  salt  requirements  for  growth  may  differ  from  those  for  maintenance 
of  a  tissue.  A  proper  balance  of  ions  is  needed  for  normal  irritability,  permea- 
bility, contractility,  and  other  functional  characters  of  particular  tissues.  The 
effects  of  salts  on  heart  and  other  muscles  are  discussed  in  later  chapters. 

In  the  culture  of  autotrophic  Protozoa  the  following  elements  are  probably 
essential:  C,  H,  O,  N,  P,  S,  Ca,  CI,  K,  Na,  Fe,  and  Mg.  ^^  The  requirements 
of  traces  of  other  elements  can  be  established  only  by  very  rigorous  chemical 
controls.  The  needs  of  different  species  vary  considerably.  Chilomonas  para- 
m.ecium,  for  example,  fails  to  grow  in  the  absence  of  phosphorus  and  sulfur.  ^^ 
Growth  can  be  accelerated  by  an  element  which  may  not  be  essential  to  sur- 
vival. Manganese  accelerates  the  growth  of  Euglena  anahaens,  ^^  and 
tetravalent  vanadium  in  concentrations  below  lO"^""'  M  markedly  increases 
division  in  Chilomonas  Paramecium.  -^  Species  of  Protozoa  which  are  unable 
to  synthesize  organic  compounds  from  simple  sources  of  carbon  and  nitrogen 
grow  best  when  their  organic  food  is  in  a  suitable  salt  solution  (see  Chapter  5). 
Numerous  culture  media  have  been  devised.  ''"*  Failure  to  culture  animals  in 
synthetic  media  has  resulted  as  often  from  lack  of  proper  salt  balance  as  from 
lack  of  some  specific  nutritional  factor. 

In  vitro  studies  of  isolated  tissues  require  the  bathing  of  these  tissues  in 
solutions  which  simulate  normal  body  fluids  with  respect  to  salts  but  from 
which  the  organic  constituents  are  lacking.  The  composition  of  these  physiolo- 
gical salt  solutions  is  only  rarely  based  on  analysis  of  body  fluids  but  is  more 
often  arrived  at  empirically.  Such  physiological  salt  solutions  are  not  adequate 
for  growth.  Table  15  presents  some  of  the  balanced  solutions  found  useful 
for  different  species. 

MINOR  AND  TRACE  ELEMENTS 

In  addition  to  the  common  elements  of  animal  tissues,  certain  species  require 
small  amounts  of  other  elements  for  specific  purposes.  Some  examples  of  the 
utihzation  of  trace  elements  are  of  interest;  ^-"  in  excess  they  may  have  toxic 
effects.  Sporadic  biological  distribution  of  some  elements  is  not  readily 
understood.  ^^'^ 
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TABLE  15.  SELECTED  PHYSIOLOGICAL  SOLUTIONS 
Quantities  in  grams  unless  otherwise  indicated. 


H,0 

Animal 

NaCl 

KCl 

CaCl= 

NaHCOs 

Other  salts* 

Buffer 

ml. 

Amoeba 

culture''* 

0.004 

0.004 

CaHPO.  0.002 
CaaCPOOii  0.002 
MgHPO,  0.002 

pH  6.5 

1000 

Mytilus'" 

29.4 

0.756 

1.137 

50  ml.  phosphate 
buffer  at  pH  7.2 

950 

Homaius"' 

26.42 

1.12 

2.78 

MgC1..6H.O  0.82 
MgSO^.SH^O  0.7 

17.6  ml.  0.5  M 
H3BO.,;  0.96  ml. 
0.5  M  NaOH 

1000 

Carcinus** 

34.8 

1.115 

1.55 

MgClo2.66or  1.33 

NaHCO.  to  pH  7 

1110 

Cancer"" 

29.6 

0.994 

1.475 

MgCL  0.422 
MgSO^  2.02 

20  ml.  0.5  M 
H3BO3;  0.96  ml. 
0.5  M  iNaOH 

1100 

Dogfish, 

Skate^'-  ^" 

16.38 

0.89 

1.11 

0.38 

urea  21.6 
glucose  1 

NaH.PO,  0.06 

1000 

Lophius^'" 

11.9 

0.597 

0.249 

0.187 

MgCl. 
0.348 

KH.PO,  0.099 

1000 

Nematode'"* 

9.0 

0.42 

0.24 

1000 

Ascaris'' 

7.5 

1.42 

0.50 

MgCl. 
0.418 

phosphate 
pH6.7 

1000 

Fresh-water 

1.2 

0.15 

0.15 

pH  7.8 

1000 

mussel'"' 

Crayfish"" 

12.0 

0.4 

1.5 

0.2 

MgCl.  0.25 

1000 

Helix'^' 

5.87 

0.73 

1.99 

1.87 

MgC1..6H.O 
5.62 

KHCOa  0.22 

1000 

Earthworm^"^ 

8.0 

0.2 

0.2 

MgS0..7H.O 
0.1 

1000 

Earthworm"* 

6.0 

0.12 

0.20 

0.10 

pH  7.4 

1000 

Grasshopper^ 

7.0 

0.2 

0.2 

0.05 

MgCLO.l 
glucose  8.0 

NaH.PO.  0.2 
pH6.5 

1000 

Insect" 

9.0 

0.2 

0.2 

glucose 
4.0 

pH  7- 

7.5 

1000 

Frog'' 

6.5 

0.1 

0.2 

phosphate 
pH7.4 

1000 

Frog*' 

6.5 

0.14 

0.12 

0.2 

glucose 
2.0 

NaFL  PO. 
0.01  g 

1000 

Mammal 

9.0 

0.42 

0.24 

0.2 

glucose 

pH  7.4 

1000 

(Ringer 

1-2.5 

Locke)"* 

Mammal 

8.0 

0.2 

0.2 

1.0 

MgCUO.l 

NaH.PO. 

1000 

CTyrodes)^'' 

glucose  1.0 

0.05g 

Artificial 

23.48 

0.66 

1.10 

0.192  M 

?C1=  4.98,  Na.S04  3.< 

32  pH  8.1 

1000 

Sea  Water"' 

K] 
S 

Br  0.096,  H3BO3  0.02 
rCl-  0.024,  NaF  0.00 

6 
3 

*If  glucose  is  used,  it  is  added  just  before  saline  is  to  be  used. 

Chlorine  is  the  common  halogen,  and  is  the  most  widely  dispersed  and 
innocuous  anion.  Bromine  can  sometimes  be  substituted  for  chlorine  but 
appears  not  to  be  a  normal  constituent  in  animals.  Iodine  is  essential  for 
thyroxine  in  the  vertebrates.  Fluorine  occurs  in  traces  in  vertebrate  bone  and 
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aids  the  hardening  of  dental  enamel,  but  in  excess  it  causes  abnormal  bone 
structure.  Fluorine  is  found  in  some  molluscan  shells,  as  in  the  oyster  and  in 
the  mantle  of  the  mollusc  Archidoris.  ^'^"^ 

Calcium  as  carbonate  or  phosphate  is  a  common  structural  material  of  endo- 
skeletons  and  exoskeletons.  Because  of  the  low  solubility  of  CaCOa  in  alkaHne 
water,  much  calcium  is  being  continually  stored  up  in  masses  of  coral  and  of 
molluscan  shell.  Magnesium  is  important  in  some  skeletons— foraminiferans, 
alcyonarians,  echinoderms,  and  crustaceans.  More  magnesium  is  found  in 
skeletons  from  warm  areas,  as  in  crinoids.  ^"  Magnesium  is  an  essential  com- 
ponent of  chlorophyll.  Strontium  can  be  substituted  experimentally  for  cal- 
cium in  bone;  it  has  been  reported  as  essential  in  a  radiolarian  skeleton.  ^^ 
Barium  is  sometimes  accumulated  and  can  be  deposited  in  calcareous  struc- 
tures. SiHcon  is  the  important  material  in  the  skeleton  of  most  radiolarians 
and  diatoms,  and  in  the  spicules  of  siliceous  sponges;  it  is  a  constituent  of 
radular  teeth  of  certain  molluscs. 

Heavy  metals  are  essential  in  the  prosthetic  groups  of  numerous  enzymes. 
Iron  is  an  important  metal  biologically  in  that  it  is  an  essential  constituent  of 
heme.  The  respiratory  function  of  heme  compounds  is  discussed  in  Chapter  9. 
The  most  widely  distributed  hemochromogen  is  cytochrome,  a  link  in  carbo- 
hydrate oxidation.  Iron  seems  essential  for  the  growth  of  the  autotrophic 
flagellate  Chilomonas  -"-  ^'^  only  if  thiamine  is  present.  The  radular  teeth 
of  the  marine  mollusc.  Patella,  contain  iron  as  Fe203  to  the  extent  of  50  per 
cent  of  the  ash  weight.  Copper  also  is  active  in  an  oxygen-transporting  pigment 
(hemocyanin,  Ch.  9)  and  is  present  in  some  respiratory  enzymes;  it  is  essential 
for  hemoglobin  synthesis  in  vertebrates.  ^'^  Copper  is  found  in  the  red  pig- 
ment of  feathers  of  South  African  turacos;  traces  of  copper  occur  in  oysters.  ^^ 
Manganese  occurs  in  traces  in  many  animals,  particularly  in  molluscs.  The 
Mn  content  of  oysters  is  high  in  gills  and  ovaries  and  is  highest  at  the  period 
of  sexual  activity.  ^^  Manganese  is  accumulated  by  some  hymenopterans  and 
may  be  stored,  as  are  some  other  metals,  in  mid-gut  cells.  -^"  This  element 
is  essential  for  the  normal  development  of  mammalian  embryos,  and  lack  of 
manganese  causes  a  bone  disease  of  fowls.  ^-*^  Deficiency  studies  indicate 
that  in  the  utilization  of  iron  for  hemoglobin  there  is  some  interaction  between 
Mn,  Co,  and  Cu.  ^-°  Cobalt  is  more  important  for  ruminant  than  for  non- 
ruminant  mammals,  and  is  a  constituent  of  vitamin  B12  (Ch.  5). 

Zinc  has  rarely  been  reported  in  animal  analyses,  although  it  is  concentrated 
by  some  bivalves,  especially  Pecten,  and  it  doubtless  is  essential  in  traces. ^- 
Its  only  proved  function  is  as  an  essential  constituent  of  the  enzyme  carbonic 
anhydrase  (Ch.  9).  Vanadium  is  selectively  concentrated  by  several  genera 
of  ascidians  (Ch.  9),  by  Pleurohranchus,  and  by  a  holothurian  Stichopns. 
97,  127  Nickel  occurs  in  feathers;  it  has  been  reported  in  mammalian  liver 
and  in  two  marine  molluscs.  ^'"^  Aluminum  is  widely  distributed  and  may  be 
an  essential  constituent  of  the  succinic  oxidase  system.  ^-^  The  study  of  trace 
elements  is  made  difficult  by  the  necessity  to  prepare  diets  which  are  totally 
free  of  the  elements  in  question;  it  is  quite  probable  that  many  elements  are 
required  in  specific  reactions  in  amounts  corresponding  to  relatively  few 
atoms  per  cell.  ^^ 
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SPECIAL  FUNCTIONS  OF  CALCIUM 

The  principal  elements  of  living  organisms  are  widely  distributed  in  all 
organs;  certain  elements  may  be  concentrated  in  particular  organs,  as  iodine  in 
the  thyroid.  Calcium  becomes  predominantly  localized  in  skeletal  structures 
and  in  other  organs  which  are  of  interest  in  comparative  physiology.  An 
excellent  discussion  of  the  function  and  metabolism  of  calcium  in  inverte- 
brates is  given  by  Robertson.  ^^-^  In  many  arthropods  calcium  as  carbonate 
and  phosphate  is  deposited  in  and  over  the  chitin,  and  no  increase  in  size  can 
occur  except  at  the  time  of  molt.  In  crabs  (e.g.  Carcinus}  much  Ca3(P04)2 
is  stored  in  the  hepatopancreas  before  a  molt,  while  in  crayfish  calcium  is  stored 
in  gastrohths.  Calcium  may  constitute  16  per  cent  of  the  skeleton  of  a  normal 
crab  and  only  1  per  cent  of  the  skeleton  of  a  freshly  molted  one.  ■^'  The  gastro- 
liths  grow  rapidly  before  a  molt,  and  may  consist  of  concentric  layers  deposited 
nocturnally.  ^^^  Secretion  of  the  gastroliths  is  normally  regulated  by  an 
inhibitory  hormone  from  the  sinus  gland^"  (Ch.  22).  In  insects  the  chitin 
is  normally  not  calcified. 

In  earthworms  the  esophageal  epithelium  of  the  calciferous  glands  secretes 
spherules  of  CaCOa.  Four  functions  of  the  calciferous  glands  have  been  sug- 
gested: (1)  neutralizing  the  intestinal  contents  (this  neutralization  was  shown 
by  Robertson  ^^^  to  be  by  other  digestive  secretions);  (2)  fixing  metabolic 
CO2;  ^^  (3)  providing  buffer  capacity  for  the  blood  when  in  an  acid  condi- 
tion;'*'''  ^"^  and,  principally,  (4)  excreting  excess  calcium.'"'-  ^-^ 

In  molluscs  the  calcareous  shell  is  an  important  source  of  base  in  the  neutral- 
ization of  acids  produced  in  anaerobiosis.  In  Venus  kept  out  of  water  the  total 
CO2  binding  capacity  of  mantle  fluid  increases  and  the  calcium  concentration 
also  increases.  ^^  The  shell  is  eroded  by  the  mantle.  Some  nonvolatile  acid 
(possibly  lactic  acid  HL)  increases  in  the  mantle  fluid,  and  this  plus  the  in- 
creased CO2  equals  the  increase  in  calcium  in  the  mantle  fluid,  thus  forming 
Ca(HC03)2  and  CaLs:  2  CaCOa  +  2  HL->Ca(HCO,)2  +  CaLo.  In  the 
fresh-water  mussel  Anodonta  cygnea  kept  in  water  under  oil,  a  similar  anaero- 
bic metabolism  produces  acid,  and  the  pH  of  the  blood  remains  about  7.B. 
Here  the  carbonate  increases  more  than  does  the  calcium;  hence  there  must 
be  some  additional  source  of  cations.  '**'" 

CONCLUSIONS 

The  maintenance  of  suitable  ionic  balance  is  an  important  step  in  freeing 
an  animal  from  strict  dependence  on  its  environment.  In  only  a  few  marine 
groups— particularly  in  the  echinoderms,  and  to  a  lesser  extent  in  the  marine 
coelenterates— are  the  various  elements  of  body  fluids  in  nearly  the  same 
proportions  as  in  the  ocean.  Ionic  independence  is  necessary  for  life  on  land 
or  in  fresh  water.  Nothing  is  known  of  salt  balance  in  the  body  fluids  of 
parasites.  In  general,  the  farther  removed  a  phylum  or  class  is  from  the  ocean, 
the  more  divergent  are  the  salt  ratios  from  those  of  sea  water.  The  bloods  of 
vertebrates  and  of  insects  are  least  like  the  ocean,  and  each  is  unlike  the  other 
(Table  9).  Toleration  of  changes  in  environmental  salts  has  not  been  much 
investigated,  but  some  animals  such  as  echinoderms  readily  alter  their  body 
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fluids  with  the  environment,  whereas  others  regulate  in  varying  degrees,  the 
concentrations  of  different  elements  changing  in  different  proportions. 

The  ratios  of  ions  in  the  body  fluids  in  an  individual  animal,  then,  are 
determined  in  two  ways:  (1)  by  its  genetic  potentialities  of  ionic  regulation, 
and  (2)  by  its  immediate  environment.  Macallum's  proposal  that  the  ionic 
ratios  of  an  animal  correspond  with  those  of  the  ocean  at  the  time  of  the  closing 
of  its  circulatory  s^'stem  is  untenable,  although  adequate  tests  with  vertebrates 
have  not  been  made.  The  principal  mechanisms  of  ionic  regulation  are  selec- 
tive permeability,  protein  binding  as  in  the  Donnan  equilibrium,  active  ionic 
absorption  from  dilute  media,  and  selective  excretion. 

The  availability  of  particular  elements  is  rarely  a  limiting  factor  in  animal 
distribution.  Calcium  may  determine  abundance;  fresh-water  molluscs,  cray- 
fish, etc.,  are  more  abundant  in  limestone  regions  than  in  areas  of  low  calcium. 
Animals  require  sodium  chloride,  whereas  higher  plants  are  said  to  grow 
without  this  salt,  but  sodium  chloride  is  sufficiently  widespread  not  to  limit 
terrestrial  animals.  Needham  ^'"^  points  out  that  the  eggs  of  many  marine 
invertebrates  are  dependent  on  their  medium  for  minerals.  The  only  groups 
which  can  colonize  fresh  water  have  the  capacity  of  providing  enough  ash 
within  the  egg.  Dependence  on  the  environment  for  salts  may,  then,  be  more 
critical  in  embryonic  than  in  adult  life. 

Ecological  limitation  by  trace  elements  has  hardly  been  investigated.  Recent- 
ly certain  sporadic  diseases  of  domestic  animals  have  been  correlated  with  lack 
of  specific  elements  such  as  iodine,  fluorine,  manganese,  and  cobalt.^-"  Con- 
versely, toxic  levels  of  certain  elements  may  be  locally  important.  It  is  likely 
that  deficiencies  or  excesses  may  operate  naturally  in  limiting  fresh-water  and 
terrestrial  animals. 
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CHAPTER  4 


Protein  Specificity 


I    HE  PROTEINS  OCCUR  in  greater  variety  than  other  organic  compounds 

■  and  are  responsible  for  many  specific  properties  ol  colls  and  tissues. 

■  Proteins  exist  as  huge  molecules  which  vary  in  amino  Acid  com 
position  and  in  their  physical  form  (stereochemistry).  Most  of  the  structural 
proteins  are  called  fibrous— collagen  from  c(mncciive  tissue,  keratin  from  hair, 
myosin  from  muscle,  and  fibrin  from  blood  clot.  Most  of  the  metabolic  pro- 
teins are  called  globular— hemoglobins,  hemcx-yanins,  albumins,  and  the  glo- 
buhns.  Fibrous  proteins  occur  in  long  slender  chains  which  can  undergo 
folding  and  which  show  reproducible  geometric  patterns  as  seen  by  x-ray 
diffraction;  they  may  be  similar  among  different  species.  Ihc  structure  ot 
globular  proteins  is  only  slightly  known;  they  vary  in  molecular  weights  from 
tens  of  thousands  to  a  few  million,  and  characteristically  they  are  specific  for 
different  kinds  of  animal.  Some  proteins,  such  as  actin,  are  reversibly  fibrous 
or  globular. 

Protein  Concentration  in  Blood.  Protein  molecules  are,  for  the  most  part, 
so  large  that  they  cannot  diffuse  through  cell  membranes,  f fence  in  body 
fluids  they  are  responsible  for  a  "colloid  osmotic  pressure"  which  limits  the 
amount  of  fluid  which  can  diffuse  across  gill  and  kidney  membranes.  Blood 
proteins  also  constitute  a  nitrogen  reserve  for  an  animal.  In  addition,  certain 
proteins  have  specific  chemical  functions  in  the  body  fluids. 

The  absolute  concentration  of  protein  in  blood  is  highest  in  animals  with 
well-developed  circulatory  systems  ('Table  16).  This^  may  be  related  to  the 
higher  blood  pressures  in  such  animals.  Very  low  protein  concentrations  (about 
0.1  gm.  per  cent)  are  found  in  the  blood  of  bivalve  molluscs.  In  annelids 
coelomic  fluid  contains  much  less  protein  than  does  the  blood.  Protein  in  the 
blood  of  arthropods  varies  from  1  to  6  gm.  per  cent,  and  in  mammals  protein 
concentration  in  the  blood  is  usually  5  to  8  gm.  i^er  cent.  Insects  have  an 
unusually  high  amino  acid  content  in  their  blood. 

Electrophoretic  Separation  of  Proteins.  The  proteins  which  have  been 
most  studied  from  the  viewpoint  of  comparative  j^hysiology  are  blood  proteins. 
These  can  be  separated  by  various  means.  One  method  of  separating  the 
proteins  of  blood  serum  is  to  observe  their  migration  in  an  electrophoretic  field. 
In  the  Tiselius  electrophoresis  apparatus,  protein  components  can  he  separated 
visually.  In  mammalian  sera  the  proteins,  in  order  of  decreasing  mMbility,  are 
albumin,  the  or-  and  ^-globuHns,  and  finally  fibrinogen  and  y-globulm. 
The  relative  proportion  of  these  comixments  ditters  among  diflcrent  species 
and  in  various  pathological  conditions.  '  Not  only  can  the  various  protein 
fractions  be  separated  visuallv,  but  some  electrophoresis  cells  arc  so  arranged 
that  the  particular  protein  fractions  can  be  removed  after  separation.  In  human 
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serum,  for  example,  the  6.03  gm.  per  cent  total  protein  consists  of  albumin 
3.32,  a-globulin  0.84,  /^-globulin  0.78,  7-globulin  0.66,  and  fibrinogen  0.43 
gm.  per  cent.  ^^ 

TABLE  16.  CONCENTRATION  OF  PROTEINS  IN  BLOOD 
OR  COELOMIC  FLUID 


Protein 

Protein 

Concentration 

Concentration 

Animal 

Gm./lOO  ml. 

Animal 

Gm./lOO  ml. 

Echinoderms 

Dixippus 

1.0 

Echinus  esculentus^^ 

0.3 

silkworm  (caterpillar)            1.0 

(Florkin,  in 

Annelids  and 
sipunculids 
Sipunculus"* 

Wigglesworth'*) 

0.005  (coel.  fl.) 

(Florkin,  in 
Wigglesworth''^) 
silkworm  (spinner)                6.0 

Arenicola"' 

1.7  (blood)  (0.00  coel.fl.) 

Pheretima 

(earthworm)^ 

3.64  (blood)  (0.48  coel.  fl.) 

(Florkin,  in 
Wigglesworth 

'') 

Molluscs 

silkworm  (emerging)             2.0 

Pecten^* 

0.075 

(Florkin,  in 

Solen  ensis^^ 

0.12 

Wigglesworth 

,S) 

Mya  arenaria'* 

0.09 

Prochordates 

Mytilus  edulis^' 

0.145 

Phallusia" 

0.11 

Aplysia"* 

0.28 

Vertebrates 

Anodonta^" 

0.074 

Petromyzon" 

2.31 

Pinna  nobilis" 

0.028 

Scylliorhinus^^ 

2.20 

Helix" 

2.4  (summer),  3.3  (winter) 

dogfish^" 

1.62 

Sepia" 

4.978 

Cyprinus" 

2.59 

Barbus" 

3.69 

Cnistaceans 

Carcinus  maenas""^ 

4.0 
6.0 
3.49 

4.37 
7.38 
2.25 

Bufo" 
Rana" 

3.42 
2.40 

Carcinus  maenas^' 
Cancer  pagurus" 
Cancer  pagurus"^ 
Eriphia" 
Homarus  vulgaris" 

Rana* 

newt*" 
salamander" 
Testudo  graeca" 
Lacerta" 

3.27 

3.7 

2.16 

3.76 

4.57 

Homarus"^ 

Pagurus"' 

Nephrops'' 

4.0 

4.43 

4.2 

Anguis" 

Trepidonotus" 

Callus" 

4.03 
2.80 
3.18 

Insects 

chicken^" 

4.1 

Hybernia 

goose" 

3.00 

(caterpillar)" 

5.86 

rabbit" 

5.45 

Deilephila  (pupa)^" 

2.79 

rat" 

5.9 

Apis  (larva)" 

6.6 

cow" 

5.02 

Bombus  (Florkin,  in 

5.0 

horse" 

7.68 

Wigglesworth*") 

horse*" 

7.0 

Hydrophilus 

3-4 

dog" 

4.7 

(Florkin,  in 

dog'^ 

5.7 

Wigglesworth^*) 

dog*" 

6.0 

Aeschna  nymphs 

2.6-3.3 

man" 

6.6 

(Florkin,  in 

man^" 

7.6 

Wigglesworth^**) 

man"' 

7.1 

Few  electrophoretic  studies  have  been  made  on  the  blood  of  invertebrates, 
but  in  some  Crustacea  several  components  of  different  mobilities  have  been 
observed.  "*''•  '^^'    The  rates  of  electrophoretic  migration  of  the  albumin  of  eggs 
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of  various  birds  and  of  the  hemoglobins  of  birds  and  mammals  differ  by  a 
factor  of  two  at  most;  this  species  difference  in  mobility  is  much  less  than  the 
immunological  differences  among  proteins.  ■^- 

Sedimentation  of  Proteins.  Another  method  of  separating  blood  proteins 
is  sedimentation  by  high-speed  centrifugation.  Velocity  of  sedimentation 
depends  on  the  weight  and  shape  of  the  protein  molecules.  Centrifugal  separa- 
tion has  been  applied  particularly  well  to  the  respiratory  pigment  proteins.  "»- 
The  chemistry  of  these  pigments  is  discussed  in  Chapter  9.  From  the  sedi- 
mentation data  it  is  possible  to  calculate  the  molecular  size  of  large  proteins. 
For  example,  the  hemoglobin  molecule  is  similar  in  size  in  mammals,  birds, 
and  fishes  (m.w.  about  68,000),  is  slightly  larger  in  amphibians  and  reptiles, 
and  is  less  than  half  as  large  in  cyclostomes  (m.w.  about  20,000)  (see  Table 
51  in  Chapter  9).  Among  invertebrate  animals  the  hemoglobin  molecules 
which  are  free  in  the  plasma  are  large  (m.w.  >  900,000),  whereas  those  in 
corpuscles  are  small.  The  copper-containing  pigment  hemocyanin  always 
occurs  free  in  the  plasma,  and  its  molecular  size  varies  greatly  among  different 
species.  In  general,  the  molecules  of  molluscan  hemocyanins  are  very  large 
(m.w.  >  2,000,000).  Those  in  arthropods  are  smaller  and  often  separate  into 
several  layers  in  the  centrifuge,  each  heavier  one  corresponding  to  a  multiple 
of  a  smaller  unit  (Table  52,  in  Chapter  9).  The  blood  pigments  of  inverte- 
brates, both  hemoglobins  and  hemocyanins,  show  greater  specific  differences 
in  size  than  do  vertebrate  hemoglobins. 

Serum  proteins  of  some  mammals,  particularly  of  man,  have  been  studied 
by  sedimentation  and  by  a  variety  of  other  physical  techniques.^"-  ^^'  ^^ 
These  globular  proteins  are  shown  to  be  elongate,  all  being  similar  in  width 
but  differing  greatly  in  length  (Table  17). 

Crystal  Structure:  Hemoglobins.  Hemoglobins  from  different  species  have 
been  separated  on  the  basis  of  the  characteristics  of  their  crystals  as  obtained 
by  evaporation  after  lysis  by  ether.  It  has  been  claimed  ^*^  that  the  crystals 
of  closely  related  species  are  more  nearly  alike  than  those  of  distantly  related 
species.  Some  exceptions  to  classical  taxonomy  are  noted.  The  hemoglobin 
crystals  of  the  sea  lion  are  similar  to  those  of  the  bears,  and  the  hemoglobin 
crystals  of  seals  resemble  those  of  the  otter;  those  of  the  guinea  hen  show 
more  resemblance  to  those  of  the  ostrich  than  to  those  of  other  members  of  the 


TABLE  17. 

SIZE  OF  BLOOD  PROTEINS'" 

Protein 

Mol.  wt. 

-          ■                       0 

length,  A 

width,  A 

human  serum  albumin 
human  serum  globulin 
human  serum  fibrinogen 

69,000 
156,000 
500,000 

150 
320 
900 

38 
36 
33 

Gallinae.  However,  the  form  of  the  hemoglobin  crystals  depends  on  such 
factors  as  the  amount  of  salt  present  when  crystallization  occurs,  and  one 
species  may  show  one  or  several  crystallographic  types.  Hence  specific  differ- 
ences in  hemoglobin  crystals  have  not  been  much  used  by  systematists  in 
recent  years.  Specific  differences  in  hemoglobins  are  also  shown  by  lack  of 
addition  of  solubilities  of  the  pigment  from  unrelated  animals.  •" 

Immunological  Specificity  of  Proteins.     Far  more  sensitive  than  preceding 
physical  methods  as  indication  of  differences  among  serum' and  tissue  proteins 
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are  immunological  reactions.  The  y-globulin  traction  of  serum  proteins 
contains  antibodies  of  many  sorts,  natural  and  acquired,  which  are  highly 
specific  in  their  reactions  with  other  proteins,  with  foreign  blood  cells,  and  with 
bacteria. 

Most  proteins  and  some  polysaccharides  can  act  as  immunizing  antigens, 
in  that  they  can  induce  the  production  of  antibodies  in  animals  whose  circu- 
lating fluid  does  not  contain  the  same  protein  or  polysaccharide.  The  anti- 
bodies produced  react  with  their  specific  antigens,  causing  agglutination  of 
cells,  lysis  of  cells,  or  precipitation  of  foreign  proteins.  Immune  reactions  of 
mammals  are  discussed  in  textbooks  of  immunology.'^  Development  of  anti- 
bodies, such  as  agglutinins,  lysins,  precipitins,  or  others,  is  important  in  defense 
against  infectious  agents.  Immunity  reactions  are  best  known  in  mammals, 
but  they  have  been  studied  in  most  groups  of  animals.  Among  invertebrates 
many  examples  of  natural  immunity  are  known.  Caterpillars  and  other  insects 
have  been  successfully  immunized  against  pathogenic  organisms,  -'^  although 
failure  to  produce  antibodies  is  reported  in  echinoderms,  annelids,  and  mol- 
luscs. Phagocytosis  is  an  important  immune  process  in  invertebrates  and  is 
shown  by  many  types  of  cell. 

Naturally  Occurring  and  Immune  Agglutinins.  The  sera  of  various  verte- 
brates normally  contain  agglutinins  that  act  on  the  red  blood  cells  of  certain 
other  species  or  on  the  red  cells  of  certain  groups  of  individuals  of  the  same 
species  but  of  nonhomologous  strain.  A  fraction  of  a  milliliter  of  serum  from 
a  fish  injected  into  a  rabbit  may  cause  the  death  of  the  rabbit,  owing  to  cell 
agglutination.  Landsteiner  '^^  has  used  agglutination  to  separate  the  blood 
types  among  humans  into  four  groups,  O,  A,  B,  and  AB.  Each  individual 
contains  in  his  serum  the  natural  antibodies  for  the  antigen  types  which  are 
absent  from  his  erythrocytes.  Thus  transfused  red  cells  are  agglutinated  by 
serum  antibodies  of  different  type  from  the  cells.  The  chimpanzees,  gibbons, 
and  orangutans-"'  ''^^'  '^^  can  each  be  classified  under  two  of  the  human  types, 
whereas  in  the  old  world  monkeys,  Cercopithecediae,  no  agglutinogens  of 
human  types  are  found,  and  in  new  world  monkeys,  Platyrrhina,  and  lemurs 
there  is  one  blood  type  which  is  similar  to  type  B  in  man. 

In  addition,  there  are  two  antigens  in  human  erythrocytes,  M  and  N,  for 
which  there  are  normally  no  antibodies;  the  distribution  of  M  and  N  antigens 
is  hereditary  and  independent  of  the  A  and  B  antigens.  A  third  antigen,  Rh, 
occurs  in  erythrocytes,  and  Rh-positive  red  cells  can  induce  the  production  of 
Rh  antibodies  in  a  person  negative  for  the  Rh  factor.  This  antiserum  can  then 
cause  agglutination,  followed  by  hemolysis  of  Rh-positive  cells.  When  the 
three  classes  of  hemagglutinogens,  each  independent  of  the  other,  are  con- 
sidered, the  total  number  of  genetic  blood  types  is  large;  furthermore,  sub- 
groups are  known.  The  three  factors  are  distributed  genetically,  and  certain 
races  display  characteristic  combinations.  Agglutinating  factors  in  the  blood 
of  various  species  of  mammals  and  birds  are  favorite  subjects  of  genetic  studies. 

Besides  the  agglutinins  which  clump  red  blood  cells,  there  are  agglutinins 
for  other  blood  cells  and  for  sperm.  These  have  been  found  not  only  among 
vertebrates  but  also  among  invertebrates.  For  example,  serum  of  the  spiny 
lobster,  Panulirus  inierruftus,  contains  at  least  ten  heteroagglutinins  for  sperm 
or  blood  cells  of  a  variety  of  species.  '^''^  ■***  These  agglutinins  occur  in  serum 
proteins  other  than  hemocyanin.    Cross  adsorption  tests,  as  used  by  Land- 
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steiner  and  others,  aid  in  defining  a  particular  agglutinin  group;  adsorption 
on  cells  (blood  or  sperm)  of  any  one  species  removes  the  agglutinins  for  other 
species  of  the  same  group  but  not  for  more  distantly  related  groups.  1  he 
seminal  fluids  and  body  fluids  of  various  invertebrates  contain  natural  heteroag- 
glutinins  for  sperm  and  for  vertebrate  red  blood  cells.  ^^ 

Immune  Precipitins.  The  immunological  reactions  most  widely  used  in 
indicating  degree  of  difference  among  specific  proteins  of  different  species  are 
precipitm  tests.  Nuttall  •*"  applied  precipitin  tests  to  sera  and  egg  albumin 
from  many  species  of  vertebrates  and  indicated  the  usefulness  of  the  lest  in 
taxonomy.  A  standard  procedure  at  present  is  to  build  up  antibodies  in  a 
rabbit  by  injecting  known  amounts  of  an  antigenic  protein.  The  rabbit  serum 
is  then  mixed  with  the  protein  to  be  tested,  and  the  maximum  dilution  of  this 
protein  giving  a  precipitate  is  noted.  Homologous  serum  or  egg  albumin,  that 
is,  protein  from  the  same  species  as  the  antigen,  gives  a  maximum  precipitate, 
and  more  distant  taxonomic  relations  tend  to  be  indicated  by  less  precipitate. 
Results  express  the  greatest  dilution  for  heterologous  precipitate  as  percentage 
of  the  threshold  for  the  homologous  reaction  (titer).  I'o  be  highly  signiticant, 
reciprocal  heterologous  tests  should  be  performed,  that  is,  test  of  antiserum  x 
against  antigen  y,  as  well  as  test  of  antiserum  y  against  antigen  x.  Unfortu- 
nately, reciprocal  tests  are  not  always  in  close  agreement. Quantitative  measure 
ments  of  the  precipitate  are  made  with  a  turbidometer,  by  a  "ring  test,"  or  by 
measuring  the  change  in  nitrogen  concentration  after  precipitation.  Detailed 
descriptions  of  methods,  and  reviews  of  the  literature  are  given  by  several 
authors.8-  9-  n-  12.  19,  51 

Precipitin  antibodies  can  be  built  up  against  other  tissue  proteins  besides 
the  blood  globuHns.  Such  antibodies  show  some  species  and  organ  specificity. 
Proteins  of  the  lens  of  the  eye  have  antigenic  components  which  are  very 
similar,  even  in  different  classes  of  vertebrates.-"  Proteins  which  are  indis- 
tinguishable chemically  can  be  separated  immunologically. 

The  degree  of  similarity  of  serum  proteins  among  species  of  mammals  as 
indicated  by  serological  reaction  agrees  well  with  taxonomic  relationships. 
Sheep  blood  is  close  to  that  of  beef,  farther  from  that  of  pig  and  horse,  and 
very  far  from  that  of  dog.  "  The  superfamilies  of  rodents  are  separated  readily, 
families  and  sub-families  less  readily.  '^''  The  chicken  is  close  to  the  turkey, 
farther  from  the  guinea  hen,  and  still  farther  from  the  duck,  as  indicated  by 
reactions  of  either  serum  proteins  ^'*  or  egg  albumin.  •'"'  In  the  ovalbumin 
the  protein  responsible  for  homologous  reaction  differs  from  the  protein  respon- 
sible for  heterologous  precipitation.  ^^  In  the  genus  Rana  the  species  cates- 
biana  and  clatnitans  are  close  serologically,  whereas  pipiens  is  distant.'-* 
Among  urodeles  the  primitive  genus  Cryptobranchus  is  far  from  Amphiiima, 
Siren,  and  Necturus,  and  these  latter  genera  are  nearlv  equally  separated 
(Fig.  27). 

The  relations  among  prochordates  and  other  inxertebrates  have  been  exam- 
ined by  comparing  precipitin  titers  for  several  antibodies  with  proteins  from 
a  wide  variety  of  animals.  **"  The  percentages  of  heterologous  titer  are  low 
between  ascidians  and  balanoglossids,  but  these  titers  are  higher  than  between 
either  of  these  groups  and  any  other  phylum.  On  the  basis  of  such  comparison 
the  prochordates  are  more  closely  related  to  echinoderms  than  to  polychaetes 
and  to  Phascolosoma.  Polvchaete  antisera  give  low  reactions  to  ascidians  and 
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echinoderms,  medium  reactions  to  Livtulus,  and  high  reactions  to  other  anne- 
lids. Molluscs  (gastropods  and  pelecypods)  are  closer  serologically  to  annelids 
than  to  arthropods.^"  The  principal  antigenic  protein  in  crustacean  blood  is 
hemocyanin,*^  and  the  antibodies  react  with  proteins  of  other  arthropods  but 
not  with  those  of  molluscs.^"  The  crab  Pseudocarcinus  gigas  is  related,  accord- 
ing to  the  precipitin  test,  to  four  other  genera  of  crabs  (Brachyura)  but  not  to 
Palinuriis,  the  Astacura,  or  Anomura.  ^^  Relationships  among  orthopteran 
insects  have  been  investigated  by  reciprocal  serological  tests  on  equivalent 
amounts  of  tissue  proteins.^^  The  four  families  are  about  equally  separated, 
the  average  interfamily  ratio  of  heterologous  to  homologous  titer  being  11.5  per 
cent,  the  average  intergeneric  ratio  among  grasshoppers  (Acrididae)  being 

SIREN 


AMPHIUMA 


NECTURUS 


CRYPTOBRANCHUS 


Fig.  27.  Relative  serologic  relationships  of  four  urodele  amphibians. 
From  Boyden  and  Noble.^" 

28  per  cent  and  the  ratio  between  two  species  of  the  genus  Melanoplus  being 
54.7  per  cent. 

Antisera  for  cuticular  tissue  of  three  species  of  Ascaris  parasitic  in  mammals 
react  indiscriminately  among  the  three  antigens  but  not  with  the  cuticle  of 
an  avian  Ascaris.'^'^  Acanthocephala  appear  to  be  related  serologically  to  the 
Platyhelminthes  but  not  to  the  Nemathelminthes,  although  some  precipitin 
reaction  occurs  between  the  Platyhelminthes  and  Nemathelminthes.  ^- 

The  preceding  examples  are  sufficient  to  indicate  the  importance  of  applying 
immunological  reactions  to  the  proteins  of  comparable  tissues  from  different 
animals  as  a  test  of  taxonomic  relationship.  Why  should  the  antigenic  proteins 
of  one  species  or  phylum  have  such  structural  similarity  that  they  react  recipro- 
cally with  their  antisera  but  not  with  antisera  of  more  distantly  related  animals? 
The  answer  to  this  question  remains  one  of  the  unsolved  subtleties  of  protein 
structure. 
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Permeability  of  Erythrocytes.  Another  approach  to  the  chemical  differences 
among  species  is  found  in  the  permeability  of  red  blood  cells.  The  permeability 
of  red  cells  to  various  organic  molecules  has  been  studied  by  measuring  the 
swelling  and  ultimate  hemolysis  in  an  isotonic  solution  of  the  material  to  be 
tested.  Table  18  shows  the  permeability  of  different  mammalian  erythrocytes 
for  ethylene  glycol,  glycerol,  and  erythritol.  This  table  shows  that' there  are 
marked  species  differences  in  permeability  to  these  substances  and  that  the 

TABLE  18.  PERMEABILITY  OF  RED  BLOOD  CORPUSCLES^ 

Time  required  for  75  per  cent  hemolysis  in  various  media, 

in  seconds  unless  otherwise  stated. 


0.02  M  NaCl  + 

0.3  M  ethylene 

0.02  M  NaCl  + 

0.02  M  NaCl  + 

0.02  M  NaCI 

glycol 

0.3  M  glycerol 

0.3  M  erythritol 

Rat 

4.2 

6.6 

19 

Vi  to  several  hours 

Mouse 

3.0 

8.6 

39 

less  than  5  minutes 

Rabbit 

3.0 

11.3 

80 

6-18  hours 

Guinea  Pig 

5.0 

15.7 

196 

" 

Man 

8.35 

12.6 

43 

" 

Dog 

6.1 

28.6 

1548 

" 

Cat 

2.65 

18.3 

1222 

" 

Pig 

3.0 

16.7 

1024 

" 

Ox 

3.8 

35.1 

2325 

Over  24  hours 

Sheep 

1.9 

24.1 

1623 

" 

permeability  to  water,  as  indicated  by  swelling  of  cells  from  different  species 
in  hypotonic  NaCl,  is  unrelated  to  the  permeability  to  the  organic  substances. 
These  striking  species  differences  in  permeability  reflect  differences  in  the 
composition  of  the  plasma  membrane  of  the  erythrocyte. 

CONCLUSIONS 

The  proteins  of  an  individual  animal  present  a  vast  array.  They  can  be 
separated  by  chemical  and  physical  means  as  fibrous  and  globular,  primarily 
structural  and  metabolic.  The  globular  proteins,  particularly  those  of  blood, 
have  been  separated  according  to  their  electrophoretic  mobilities.  The  proteins 
of  one  electrophoretic  class,  for  example  the  hemocyanins  or  hemoglobins,  exist 
in  different  molecular  sizes  as  shown  by  sedimentation  in  a  high-speed  centri- 
fuge; they  may  also  differ  in  crystal  form. 

The  most  sensitive  tests  available  for  differences  among  proteins  of  similar 
function  and  occurrence  are  immunological.  Antibody-antigen  reactions  prob- 
ably have  the  same  sort  of  basis  in  molecular  structure  as  has  enzyme  specificity. 
Antibodies  are  built  up  in  response  to  the  antigens  of  a  particular  species,  and 
will  react  with  those  antigenic  proteins  (by  agglutination  or  precipitation)  but 
not  with  the  proteins  of  species  distantly  related  to  the  original  one  from  which 
the  antigen  was  obtained.  One  basis  of  taxonomy  may,  therefore,  be  stereo- 
chemical. It  is  possible  that  equally  important  specific  differences  exist  among 
polymerized  nucleic  acids  as  among  proteins.  Antigenic  specificity  of  serum 
proteins  represents  one  set  of  characters  which  can  be  used  along  with  other 
chemical  and  morphological  characters  to  study  relationships  among  animals. 
Relations  within  animal  classes  and  phyla  have  been  corroborated,  as  have  the 
relations  of  echinoderms  to  prochordates,  and  of  acanthocephalans  to  flatworms. 
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CHAPTER  5 


Nutrition 


NiMALS  DIFFER  GREATLY  in  their  Capacity  to  alter  their  diet, 
to  convert  compounds  of  one  class  to  another,  and  to  syn- 
thesize specific  compounds  which  are  essential  for  cellular 
metabolism.  What  is  a  vitamin  for  one  animal  may  not  be  a  dietary  require- 
ment for  another.  It  has  frequently  been  pointed  out  that  the  amino  acids 
which  constitute  proteins  are  the  same  in  all  organisms,  although  the  propor- 
tions vary  from  one  protein  to  another,  and  also  that  the  coenzymes  of  gly- 
colysis and  cellular  respiration,  such  as  the  phosphopyridine  nucleotides,  are 
similar  in  all  cells.  There  is  variation,  however,  among  animals  as  to  which 
amino  acids  and  which  coenzymes  can  be  synthesized,  and  which  must  be 
taken  as  food.  Also  some  particular  food  requirements  are  associated  with 
physiological  specializations  of  certain  animals.  Substances  needed  for  specific 
cellular  reactions  may  be  obtained  by  an  animal  in  two  ways:  they  may  be 
synthesized  by  the  organism,  or  they  may  have  to  be  taken  in  its  diet.  Some 
substances  may  be  synthesized  by  an  animal  but  in  insufficient  amounts  for 
cellular  needs;  hence  these  are  required  in  the  diet  of  the  organism.  Some  of 
the  specific  mineral  requirements  of  animals  have  been  mentioned  in  Chapter 
3,  page  94.  Salt  mixtures  have  been  worked  out  empirically  for  several 
groups  of  animals,  particularly  for  rats.  These  provide  the  essential  elements 
which  must  be  added  to  the  diet  in  nutrition  studies. 

In  this  chapter  we  are  concerned  principally  with  the  requirements  for 
organic  compounds.  No  attempt  will  be  made  to  encompass  the  vast  litera- 
ture regarding  food  preferences  and  regarding  the  biochemical  action  of  specific 
substances;  these  are  regularly  reviewed  in  the  Annual  Review  of  Biochemistry, 
in  Nutrition  Reviews,  in  Vitamins  and  Hormones,  and  in  other  review  series; 
they  are  also  summarized  in  nutrition  texts.  ^-^  In  the  following  account 
references  are  omitted  for  many  statements  which  are  taken  froni  nutrition 
texts. 

ORIGIN  OF  NUTRITIVE  TYPES 

Carbon  compounds  are  stores  of  energy,  and  energy  is  required  for  their 
synthesis.  How  such  stores  came  to  be  established,  their  relation  to  the  origin 
of  life,  the  primitive  kinds  of  energy-yielding  reactions,  and  the  nature  of  the 
carbon  compounds  which  ultimately  resulted  in  living  organisms  are  of 
fundamental  importance.  Certainly  most  important  biochemical  evolution 
occurred  prior  to  the  existence  of  any  organisms  such  as  are  now  known. 

Organisms  fall  into  three  classes  with  respect  to  the  source  of  energy  used 
for  synthetic  processes:    (1)  chemotrophic  organisms  (largely  bacteria)  get 
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their  energy  from  inorganic  reactions  such  as  oxidation  of  iron  or  sulfur;  (2) 
phototrophic  cells  use  sunlight;  and  (3)  heterotrophic  organisms  oxidize  organ- 
ic compounds  of  varying  degrees  of  complexity.  Some  heterotrophs  can  use 
lower  fatty  acids  such  as  acetate,  but  most  of  them  need  sugars  or  higher  carbo- 
hydrates. Similarly,  with  respect  to  nitrogen  sources,  organisms  are  autotrophic 
if  they  can  use  inorganic  nitrogen,  nitrate  or  ammonia;  they  are  mesotrophic  if 
they  can  rely  on  single  amino  acids  (or  ammonia  and  an  organic  acid);  and  are 
metatrophic  if  they  require  many  amino  acids  either  in  organized  compounds 
such  as  peptones  or  as  simpler  mixtures.  All  animals  except  green  flagellate 
protozoans  are  ultimately  dependent  on  photo-autotrophic  plants  for  their 
carbon  sources  of  energy.  Whether  the  green  flagellates  are  plants  or  animals 
is  a  matter  of  definition.  In  evolution  autotrophic  organisms  precede  and  are 
required  by  heterotrophic  organisms. 

There  is  no  reasonable  hypothesis  as  to  how  autotrophs  originated.  It  has 
been  argued  ^*''  ^"^  that  a  vast  array  of  carbon-nitrogen-oxygen  compounds 
were  formed  by  chance  combination  prior  to  the  appearance  of  living  organ- 
isms, and  that  the  first  organisms  were  really  heterotrophs,  using  pre-existing 
compounds.  Then,  as  these  compounds  became  depleted,  synthesizing  mech- 
anisms which  appeared  by  mutation  had  survival  value,  and  thus  autotrophic 
organisms  evolved  from  hetero-metatrophic  ones.    There  are  difficulties  with 


TABLE  19.  FORMS  OF  MINIMAL  NITROGEN  AND  CARBON  REQUIREMENT 

IN  PROTOZOANS  OF  VARIOUS  SYNTHESIZING  CAPACITIES 

Modified  from  Doyle,'"  Dusi,-'  Hutner  et  al., '''  Johnson,"-  Lwoff,"  and  Needham.'* 


Nitrogen  Source 

Chemotrophic 

Phototrophic 

Heterotrophic 

(CO2  in  light) 

(acetate) 

Autotrophic 

Euglena  gracilis 

Polytoma  ocellatum 

NO3 

(if  Mn) 
E.  stellata 
E.  klebsii 
Chlamydomonas 
Chlorogonium 

NH3 

Chilomonas  par. 

E.  anabaena 

P.  uvella  (if  Fe) 

(if  Si) 

Chilomonas  par. 

Polytomella 

E.  gracilis  (in  dark) 

Astasia 

Mesotrophic 

E.  deses 

Chlamydomonas 

(single 

(in  dark) 

ammo 

E.  gracilis  (in  dark) 

acids) 

Metatrophic 

E.  pisciformis 

E.  gracilis  (in  dark) 

(peptones,  etc.) 

Glaucoma  piriformis 
Leptomonas 

ctenocephaH 
Colpidium  striatum 
Colpidium  campylvun 

this  hypothesis,  such  as  the  small  amount  of  atmospheric  oxygen  present  before 
there  were  green  organisms.  Whatever  the  sequence,  certainly  the  basic  cellu- 
lar needs,  particularly  for  amino  acids  and  coenzymes,  were  established  very 
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early,  and  heterotrophic  animals  were  derived  from  autotrophs,  perhaps  from 
pigmented  flagellates  (chlorophytes). 

The  carbon  and  nitrogen  requirements  of  many  bacteria  and  flagellates 
have  been  examined.  -^'  •^"-  **-•  ^■^'  ^"^  In  general,  the  ability  to  use  light  or 
inorganic  reactions  to  provide  energy  for  COo  reduction  goes  with  the  ability 
to  use  nitrate  or  ammonia  (rarely  atmospheric  nitrogen).  Conversely,  organ- 
isms which  require  fatty  acids  or  sugars  as  carbon  sources  also  need  amino 
acid  nitrogen.  However,  among  flagellates  such  as  the  genus  Euglena  there 
are  exceptions  (Table  19).  An  organism  which  can  use  simple  nitrogen  or 
carbon  sources  can  also  use  more  complex  sources;  one  which  can  use  nitrate 
can  also  use  ammonia  and  amino  acids.  Only  a  few  phototrophic  organisms 
require  amino  nitrogen,  and  only  a  few  protozoans  which  require  organic 
acids  or  sugars  for  carbon  can  use  nitrate  or  ammonia;  many  yeasts  are  in  the 
latter  category. 

CARBON  REQUIREMENTS 

Phototrophic  green  flagellates  (chloroflagellates)  reduce  COo  directly  in 
hght  and  use  organic  acids  or  sugars  for  energy  in  the  dark.  The  rate  of  photo- 
synthesis is  affected  by  the  hydrogen  ion  concentration  and  the  inorganic 
elements  in  the  medium.  Euglena  stellata,  for  example,  requires  a  high  con- 
centration of  calcium.  -"'  There  is  some  disagreement  regarding  the  forms  of 
nitrogen  required  by  various  flagellates,  largely  because  of  differences  in  min- 
erals in  culture  media,  strains  of  species,  and  other  conditions.-'** 

It  has  been  postulated  that  colorless  flagellates,  leucophytes,  were  derived 
from  chlorophytes  by  the  loss  of  chlorophyll  from  their  plastids.  The  leuco- 
phytes and  the  chlorophytes  in  the  dark  can  use  organic  acids,  particularly 
acetic  to  myristic,  and  some  can  use  alcohols  which  are  first  converted  to  the 
corresponding  acids.  Pringsheim  ^^^  described  the  culture  of  some  twenty 
different  leucophytes  on  acetate.  The  effects  of  various  organic  acids  on 
growth  of  flagellates  were  summarized  by  Trager.  ^'^^  Polytovia  iivella  uses 
acetate  or  butyrate  but  not  sugar.''-  The  colorless  alga  Prototheca  uses  satur- 
ated fatty  acids  up  to  palmitic,  except  formic  acid;  it  does  not  use  dicarboxylic 
acids  but  can  use  some  alcohols.  "^  Sugars  are  used  by  many  flagellates. 
Trypanosoma  hrucei,  for  example,  ferments  sugars  in  the  following  series: 
glucose  >  mannose  >  maltose  >  fructose  >  galactose,  but  does  not  ferment 
arabinose,  xylose,  lactose  or  sucrose.  ^*  Differences  in  sugar  utilization  may 
result  in  part  from  enzymatic  differences  and  in  part  from  limited  permeability. 

Chilomonas  paramecinm  is  a  colorless  flagellate  which  has  remarkable 
powers  of  synthesis.  It  multiplies  well,  dividing  three  to  four  times  daily  in  a 
medium  of  acetate  or  glycine  as  the  only  carbon  source;  it  grows  better  with 
thiamine  and  iron  than  without  them.  Sulfur  stimulates  fission,  and  in  the 
absence  of  sulfur  fat  accumulates  and  the  culture  eventually  dies  out.  It  has 
been  claimed  by  some  authors,^"'  ^^'  ^^-  ^°'  ^^'^  but  not  by  others,'^^  that 
Chilomonas  can  also  grow  in  the  dark  with  COo  as  its  sole  source  of  carbon; 
growth  under  these  conditions  is  less  than  in  acetate  and  a  trace  of  silicon  is 
necessary.  There  is  an  optimal  COo  tension  and  bacterial  contamination  has 
been  excluded,  also  possible  oxidation  of  ammonia. 

It  is  probable  that  true  protozoans  were  derived  from  leucophytes.  Some 
Protozoa  are  unable  to  survive  on  organic  compounds  in  solution,  but  rather 
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they  require  particulate  food,  dead  or  alive.  The  carnivores  Stylonychia 
p^lst^data  and  Pleurotricha  lanceolata,  for  example,  need  live  Protozoa  as  food, 
in  addition  to  some  vitamins.  ^'^  Amoeba  proteiis  grows  well  on  Chilomonas 
hut  not  on  Paraviecium  as  food,  whereas  Amoeba  dubia  seems  to  need  chloro- 
phytes.  ^'^^  Whether  the  need  for  live  food  represents  need  for  particular 
compounds  as  carbon  source  or  for  some  special  growth  substances  is  not 
known.  Holotrichous  ciliates  of  the  Colpidium-Tetrahymena  group  can  ob- 
tain their  food  from  solution.  Tetrahymena  geleii  can  use  some  sugars  and  is 
stimulated  by  acetate,  whereas  some  fatty  acids  are  toxic;  it  can  ferment  dex- 
trose, levulose,  mannose,  and  maltose,  but  it  cannot  ferment  some  thirteen 
other  sugars  and  cannot  use  sucrose.  *^" 

The  salts  of  fatty  acids,  together  with  necessary  amino  acids,  can  supply 
some  of  the  carbon  needs  of  multicellular  animals.  Certainly  the  monosaccha- 
ride sugars  are  adequate,  and  numerous  adult  insects  live  exclusively  on  a 
diet  of  sugars.  Adult  honeybees  can  survive  on  any  of  seven  sugars  which 
are  sweet  to  the  bee  and  six  which  are  tasteless,  but  they  cannot  use  five  others 
which  are  tasteless.  ^^^  Blowflies  can  live  on  a-glucosides  and  a-galactosides, 
but  not  on  other  glycosides.  '^^  The  waxmoth  larva  (Galleria)  has  no  need  for 
carbohydrate  but  can  grow  and  metamorphose  on  a  diet  of  beeswax.  Fatty 
acids  are  formed  by  the  action  of  the  symbiotic  bacteria  and  protozoans  in 
termites  and  ruminants;  these  fatty  acids  are  absorbed  and  used  as  a  principal 
carbon  source  (see  Chapter  6).  Acetate  can  be  substituted  for  part  of  the 
carbohydrates  in  the  diet  of  a  rat.  It  is  difficult  to  see  how  an  organism  which 
obtains  its  energy  by  oxidation  via  the  Krebs  tricarboxylic  acid  cycle  (see  Fig. 
63,  Ch.  8)  could  survive  long  without  a  carbohydrate  source  of  pyruvic  acid. 
However,  this  minimal  carbohydrate  can  be  formed  from  protein,  and  rats  can 
survive  on  a  diet  of  protein  and  minerals  only.  Acetone  bodies,  however,  are 
formed  when  protein  is  substituted  for  carbohydrate.  Fatty  acids  can  serve  as 
sole  carbon  source  for  some  leucophytes,  but  in  all  other  animals  fatty  acids 
are  used  only  along  with  sugars,  although  protein  can  be  substituted  as  a 
sugar  source.  Caloric  requirements  of  animals  will  be  considered  in  Chapter  8. 

NITROGEN  REQUIREMENTS 

There  is  a  general  relation  between  utilization  of  carbon  and  nitrogen  com- 
pounds, as  shown  in  Table  19.  Any  organism  which  can  use  an  inorganic 
source  of  nitrogen  to  build  its  own  amino  acids  can  also  use  the  more  complex 
nitrogen  compounds.  The  simplest  usable  nitrogen  sources  have  been  exam- 
ined for  several  phototrophic  and  heterotrophic  flagellates.-"-  ^'''  Nitrates 
can  be  used  by  Euglena  gracilis,  E.  stellata  (if  much  Ca  is  present),  and  E. 
klebsii,  whereas  ammonia  but  not  nitrate  can  be  used  by  E.  anabaena.  Euglena 
deses  requires  amino  acids,  and  E.  pisciformis  is  said  to  grow  only  if  nitrogen 
is  supplied  in  the  form  of  peptones  or  polypeptides.  It  is  not  known  whether 
this  need  of  E.  pisciformis  is  for  some  growth  substance  in  the  peptones  or  for 
a  particular  combination  of  amino  acids.  Some  microorganisms  require  specific 
polypeptides  (e.g.,  strepogenin).  Growth  of  several  species  of  Euglena  in  dif- 
ferent single  amino  acids  is  shown  in  Table  20,  and  it  appears  that  some  amino 
acids,  such  as  tyrosine  and  tryptophane,  are  not  adequate  nitrogen  sources 
even  for  species  that  can  use  ammonia  or  nitrate.  It  would  be  of  interest  to 
test  these  mesotrophic  and  metatrophic  species  of  Euglena  in  amino  acid  mix- 
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tures.  Some  other  chlorophytes  (e.g.  Chlamydomonas^  can  use  nitrates  in  the 
dark,  and  some  colorless  organisms  such  as  Polytoma  ocellatum  which  are 
restricted  to  organic  acids  (acetate)  for  carbon  can  use  nitrates,  whereas  some 
others  (Polytom^a,  Chilomonas)  can  use  ammonia  for  their  nitrogen.  The 
requirements  of  chlorophytes  may  be  more  complex  in  the  dark  than  in  the 


TABLE  20.  GROWTH  OF  SEVERAL  SPECIES  OF  EUGLENA 
IN  SINGLE  AMINO  ACIDS'' 


+  indicates  growth;  Q 

indicates  no  growth;  ++  indicates  much  growth 

Amino  Acid 

E. 
gracilis 

E. 

stellata 

E. 

klebsii 

E. 

anabaena 

E. 

deses 

E. 

pisciformis 

glycine 

+ 

+ 

+ 

+ 

o 

o 

alanine 

+  + 

+  + 

+  + 

+ 

++ 

o 

valine 

+  + 

+ 

+ 

+ 

o 

0 

leucine 

+  + 

+  + 

+  + 

+ 

++ 

o 

serine 

+ 

+  + 

+ 

o 

+ 

o 

phenylalanine 

+  + 

+ 

o 

++ 

o 

0 

tyrosine 

o 

o 

o 

o 

o 

o 

tryptophane 

o 

o 

o 

o 

o 

histidine 

++ 

++ 

++ 

o 

o 

arginine 

o 

+ 

o 

o 

o 

lysine 

o 

++ 

++ 

o 

++ 

o 

proline 

+ 

++ 

++ 

+ 

++ 

o 

glutamic  acid 

+ 

+■ 

+ 

o 

++ 

o 

aspartic  acid 

+ 

+ 

o 

+ 

++ 

o 

asparagine 

++ 

++ 

++ 

++ 

++ 

o 

light;  Chlamydomonas  uses  nitrate  in  Hght,  amino  acids  in  the  dark.  Euglena 
gracilis,  which  is  photo-autotrophic,  can  grow  in  the  dark,  provided  acetate 
is  supplied,  and  it  then  can  use  peptones,  ^"  or  even  ammonia,  ^-^  while  E. 
deses  is  said  not  to  grow  in  the  dark  even  with  peptones  and  acetate.  *'*'  There 
must  be  some  enzymatic  connection  between  the  utilization  of  carbon  and 
that  of  nitrogen. 

All  autotrophic  organisms  can  synthesize  each  of  nineteen  generally  oc- 


Nutrition 


117 


TABLE  21. 

ESSENTIAL  AND  DISPENSABLE  AMINO  ACIDS  WHEN  AMINO  ACID 

MIXTURES  PROVIDE  AN  ANIMAL'S  NITROGEN  SUPPLY 


+  indicates  essential;  — 

indicates  not  essential 

Amino  Acid 

Tetrahymena"* 

Aedes 
aegypti'" 

Attagenas"' 
(limited 
growth) 

Chicken^ 

Rat"* 

Man"* 

glycine 

+  '' 

+ 

+  § 

- 

- 

alanine 

— 

- 

- 

- 

— 

valine 

+ 

- 

+ 

+ 

+ 

+ 

leucine 

+ 

+ 

+ 

+ 

+ 

+ 

serine 

+  =^ 

- 

- 

- 

- 

phenylalanine 

+ 

+t 

+ 

+ 

+ 

+ 

tryosine 

- 

+t 

-11 

-II 

-II 

tryptophane 

+ 

+ 

+ 

+ 

+ 

+ 

histidine 

+ 

+ 

+ 

+ 

+ 

— 

arginine 

+ 

+x 

+ 

+ 

+*1 

- 

lysine 

+ 

+ 

+ 

+ 

+ 

+ 

proline 

- 

- 

- 

- 

— 

glutamic  acid 

- 

- 

-§ 

- 

— 

aspartic  acid 

- 

- 

— 

- 

— 

hydroxyproline 

- 

- 

— 

- 

— 

isoleucine 

+ 

+ 

+ 

+ 

+ 

+ 

methionine 

+ 

+ 

+ 

+ 

+ 

+ 

threonine 

+ 

+ 

+ 

+ 

+ 

+ 

cystine 

- 

- 

** 

»» 

*  Serine  can  replace  glycine  for  Tetrahymena. 

fPhenylalanine  and  tyrosine  not  both  needed;  either  one  sufficient  for  Aedes. 

+Citrulline  can  substitute  for  arginine  for  Aedes. 

§Glycine  and  glutamic  acid  needed  for  maximum  growth— chick. 

II  Tyrosine  needed  if  phenylalanine  low— chick,  rat,  man. 

*|Arginine  needed  for  growth,  not  for  maintenance— rat. 

**Cystine  needed  only  if  methionine  low— rat,  man. 
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curring  amino  acids,  whereas  animals  in  general  (except  flagellates)  have  lost 
the  ability  to  synthesize  some  of  these.  The  amino  acids  that  are  required  in 
the  diet  of  several  kinds  of  animals  are  surprisingly  similar  (Table  21).  Differ- 
ent amino  acids  are  apparently  needed  not  specifically  for  the  nitrogen  they 
provide  but  for  their  molecular  skeletons.  For  each  animal  amino  acids  fall 
into  three  groups:  (1)  the  amino  acids  that  are  not  synthesized  and  are,  there- 
fore, required  in  the  diet;  (2)  the  amino  acids  that  can  be  synthesized  from 
ammonia  and  carbohydrate;  and  (3)  those  that  are  synthesized  from  specific 
essential  amino  acid  precursors.  Using  the  growing  rat  as  an  example,  the 
amino  acids  required  in  the  diet  are: 


CHs           CHa 

V 

1 

CHa            CHa 

CH-NHo 

1 

CHa 

COOH 

CH-NH2 

1 

COOH 

valine 

leucine 

CH, 

I 
CHOH 

I 
CH-NH2 

COOH 
threonine 


CH3         CzHs 

CH 

I 
CH-NH2 

I 
COOH 

isoleucine 


CH.-NH2 

(CH2)3 

I 
CH-NH2 

I 

COOH 

lysine 


HN=C 


.NH2 

^NH 

I 
CCHOs 

CH-NHi. 

I 
COOH 

arginine* 


CH 


/ 


HC           CH 

1             II 
HC           CH 

V 

1 

CH= 

1 

CH 

/\ 
HC             C— C-< 

1                II       II 

HC              C      CH 
C         NH 

CH-NR. 

H 

COOH 

phenylalanine 

tryptophane 

Necessary  for  growth. 

C— C-CHo-CH  (NHO-COOH 
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CH-N 


CH2 — S — CH3 

I 
CH2 

I 
CH-NH2 

COOH 
methionine 


\ 


,CH 

C-NH 

I 
CH2 

CH-NH2 

COOH 
histidine 


The  amino  acids  synthesized  by  growing  rats  from  carbohydrate  and  am- 
monia-yielding compounds  such  as  other  amino  acids  are: 


CH2-NH2 

1 

CHs 

1 

CH2OH 

1 

CH.-CH. 

1           1 

COOH 

CH-NH2 

CH-NH2 

CH3    ,CH-COOH 

\/ 
NH 

COOH 

COOH 

glycine 

alanine 

serine 

proline 

COOH 
1 
CH2 

CH-NHa 

COOH 
(CHO2 

CH-NH2 

1 

HO 

-CH-CH2 

1           \ 

CH2    CH-COOH 

\/ 
NH 

COOH 

COOH 

aspartic  acid 

glutamic  acic 

hydroxyproHne 

Those  which  are  synthesized  from  specific  amino  acids  are: 


OH 


CH2-S-S-CH2 

CH-NH2    CH-NHo 

I  I 

COOH  COOH 


cystine  (from  methionine) 


/ 


HC  "CH 

HC  CH 

\   / 
C 

I 
CH2 

I 
CH-NH2 

I 
COOH 

tyrosine  (from  phenylalanine) 


The  interactions  among  amino  acids  are  important,  and  reported  inhibition 
of  growth  by  certain  amino  acids  is  probably  really  due  to  lack  of  balance 
among  antagonists.    An  amino  acid  which  is  synthesized  from  another  one 
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becomes  a  dietary  requirement  only  when  there  is  a  deficiency  of  its  precursor. 
Several  amino  acids,  such  as  citrulline  and  diiodotyrosine,  are  of  limited  oc- 
currence and  are  not  building  units  of  protein;  hence  they  differ  from  the  basic 
nineteen  amino  acids  named  above. 

The  ciliate  Tetrahymena  geleii  strain  W  has  been  cultured  in  mixtures  of 
amino  acids  and  no  persistent  growth  occurs  if  any  of  the  following  is  omitted: 
isoleucine,  leucine,  lysine,  methionine,  phenylalanine,  tryptophane,  valine, 
histidine,  threonine,  and  arginine  (Table  22).  Methionine  can  be  replaced 
by  homocystine  as  a  sulfur-containing  amino  acid.  '^^  For  most  effective 
culture  either  serine  or  glycine  is  also  necessary:  these  probably  are  not  re- 
quired for  synthesis  of  the  organism's  proteins,  but  rather  release  the  growth 
inhibitions  imposed  by  some  of  the  other  amino  acids.  The  interactions  among 
various  amino  acids  are  complex;  cystine,  glycine,  and  serine  stimulate  growth, 
whereas  alanine,  aspartic  acid,  glutamic  acid,  hydroxyproline,  proHne,  and 
tyrosine  in  excess  inhibit  growth,  but  the  stimulators  can  release  the  inhibition. 


TABLE  22. 
TETRAHYMENA  GELEll-MEDlUM  USED  BY  KIDDER  AND  DEWEY'" 


7  per  ml. 

7  per  ml. 

L— Arginine  HCl 

83 

Sodium  acetate 

1000 

L-Histidine  HCl 

36 

Ca  pantothenate 

0.10 

DL— Isoleucine 

113 

Nicotinamide 

0.10 

L— Leucine 

147 

Thiamine  HCl 

1.00 

L— Lycine  HCl 

116 

Riboflavin 

0.10 

DL— Methionine 

94 

Pteroylglutamic  acid 

0.01 

L— Phenylalanine 

70 

Pyridoxine  HCl 

2.0 

DL— Threonine 

138 

Biotin  (free  acid) 

0.0005 

L— Tryptophane 

28 

ChoHne  CI 

1.0 

DL— Valine 

76 

Protogen 

0.375 

DL— Serine 

157 

Yeast  nucleic  acid  (hydrolyzed) 

100 

L— Glutamic  acid 

233 

MgS04.7H20 

100 

L— Aspartic  acid 

61 

K.HPO4 

100 

Glycine 

5 

CaCl2.2H.O 

50 

DL— Alanine 

55 

Fe(NH0.(SO0.-6H.O 

25 

L— Hydroxyproline 

75 

CuCl.2H,0 

5 

L— Tyrosine 

67 

FeCl3.6H.O 

1.25 

L— Cysteine 

3.5 

Mn  CI...  4H.O 

0.05 

Dextrose 

1000 

Zn  CI. 

0.05 

Tween  85 

500 

Also  there  are  strain  differences  in  growth  on  mixtures  of  the  essential  amino 
acids  and  strain  E  appears  to  require  serine.  -^^  Thus,  it  appears  that,  al- 
though some  flagellates  can  live  well  on  single  amino  acids,  some  ciliates 
require  mixtures  comparable  to  those  required  to  support  mammals. 

Several  insects  have  been  grown  on  mixtures  of  amino  acids  as  the  nitrogen 
source.  Larvae  of  the  mosquito  Aedes  aegypti  have  been  maintained  with  fair 
but  not  normal  growth  in  a  mixture  of  eleven  amino  acids  (Table  21);  phenyl- 
alanine and  tyrosine  are  interchangeable,  but  if  both  are  omitted  no  growth 
occurs;  also  citrulline  can  be  substituted  for  arginine.^"  Growth  of  l)wsophila 
larvae  on  an  amino  acid  mixture  has  been  reported.  ^-^     Carpet  beetles  have 
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been  grown  very  slowly  in  a  mixture  of  the  same  ten  amino  acids  required  by 
rats,  except  for  double  the  amount  of  arginine;  however,  they  grow  better  in 
a  mixture  of  twenty  amino  acids'''  (Table  21).  The  cockroach  Blatella  grows 
at  about  half  the  normal  rate  in  amino  acid  mixtures  simulating  casein  in 
composition  (Noland,  unpublished).  The  roach  matures  on  s\'nthetic  diets 
dehcient  in  both  tryptophane  and  methionine,  which  are  evidently  synthesized 
by  intestinal  microorganisms  at  a  rate  sufiicient  for  slow  growth.  '"-  Inability 
to  grow  some  insects  on  amino  acid  mixtures  may  be  due  partly  to  improper 
mixtures  and  partly  to  inadequate  salts  in  the  diet.  The  amount  of  protein  in 
the  diet  of  growing  insects  is  important;  for  example,  the  ants  of  genus 
Pheidole  on  a  high  protein  diet  tend  to  become  soldiers,  on  a  low  protein  diet, 
workers.  ^^^ 

Ihe  amino  acid  requirements  of  mammals  ha\e  been  carefully  in\'estigated 
by  omitting  \'arious  amino  acids  from  a  food  mixture  "^-  ''•''  and  observing 
growth  (rats)  and  weight  and  nitrogen  balance  (man,  dog).  Results  are  given 
in  Table  21.  Arginine  is  synthesized  by  the  rat  but  not  at  a  rate  sufficient  for 
the  demands  of  normal  growth.  Cystine  is  also  needed  and  can  be  synthesized 
only  if  adequate  methionine  is  present,  the  synthesis  apparently  using  the 
sulfur  of  methionine.  Glycine  is  also  needed  but  can  be  synthesized  from 
simpler  substances.  Observations  on  dogs  '"'  indicate  that  arginine  is  not 
needed  for  maintenance  of  adults,  but  that  the  other  nine  amino  acids  as 
required  for  growing  rats  are  needed  by  adults.  Man  requires  eight  amino 
acids,  whereas  growing  rats  require  ten.  The  absolute  amounts  required  vary 
with  the  caloric  intake,  being  less  with  high  calories.  Man  requires  most  of 
the  essential  amino  acids  are  supplied,  and  the  conversion  does  not  depend  on 
hence  recommended  amounts  are  0.5  to  2.5  gm.  per  day.  In  general  D-amino 
acids  cannot  be  substituted  for  L-amino  acids,  although  some  of  the  phenyl- 
alanine and  methionine  can  be  in  the  D-form.^^''  The  amino  acid  requirements 
of  the  chick  differ  slightly  from  those  of  mammals  (Table  21).  Glycine  and 
arginine  are  required;  citrulline  but  not  ornithine  can  be  substituted  for 
arginine;  and  tyrosine  is  needed  if  the  ration  is  low  in  phenylalanine.  '■^-  "*•  ^ 

The  nitrogen  requirement  of  young  growing  animals  is  much  greater  than 
that  of  adults.  In  man,  an  infant  requires  four  to  hve  times  as  much  as  an 
adult  on  a  unit/ weight  basis.  A  trout  needs  14  or  more  per  cent  of  protein  in 
its  diet  for  normal  growth.  "'*  Calves  fail  to  grow  on  a  diet  containing  only 
4.4  per  cent  protein,  but  when  urea  is  added  to  give  nitrogen  equivalent  to 
about  16  per  cent  protein  they  grow  well,  presumably  by  conversion  of  urea 
to  protein  by  the  symbiotic  microorganisms  in  the  rumen.  ''■^'  ^^  Rats  can  use 
glycine,  urea,  and  even  ammonium  salt  for  nitrogen  if  minimal  amounts  of 
the  essential  amino  acids  are  supplied,  and  if  the  conversion  does  not  depend 
on  intestinal  organisms.  ^''^ 

Autotrophic  organisms  can  use  inorganic  sources  of  nitrogen,  such  as  nitrate, 
ammonia,  and  sometimes  atmospheric  nitrogen,  but  with  metabolic  evolution 
the  abilities  of  synthesis  decreased  and  specific  amino  acids  are  required  by 
ciliates  and  probably  by  all  metazoans.  Claims  for  requirements  of  peptones 
and  whole  proteins  cannot  be  accepted  until  extensive  tests  with  balanced 
mixtures  of  amino  acids  are  made.  The  specific  amino  acid  requirements 
differ  somewhat  for  various  animal  groups,  but  the  ability  to  use  exclusively 
inorganic  sources  of  nitrogen  was  lost  early  in  animal  evolution.    Possibly 
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utilization  of  urea  and  ammonia  may  occur  in  many  metatrophic  animals  when 
they  are  supplied  with  minimal  amounts  of  the  essential  amino  acids. 

SPECIFIC  FACTORS  IN  NUTRITION 

A  vitamin  is  an  organic  compound  which  must  be  supplied  to  an  organism 
in  small  amounts  and  which  is  used  in  specific  ways  other  than  as  an  energy 
source  or  as  a  basic  structural  unit,  although  it  may  be  incorporated  as  a 
prosthetic  group  into  a  structural  protein.  Essential  amino  acids  are  usually 
needed  in  slightly  greater  amounts  than  vitamins  and  are  used  primarily  as 
structural  units  in  the  building  of  protein;  hence  they  are  not  vitamins.  Some 
vitamins  are  synthesized  and  distributed  like  hormones,  but  the  vitamins 
which  are  synthesized  by  animals  are  formed  only  from  closely  related  sub- 
stances (sometimes  called  provitamins),  whereas  hormones  can  be  formed 
from  the  basic  foodstuffs.  More  vitamins  are  required  for  growth  than  for 
adult  maintenance,  and  what  is  a  vitamin  for  one  animal  may  not  serve  for 
another,  or  it  may  be  synthesized  by  another  animal.  Vitamins  are  discovered 
by  omitting  various  fractions  from  an  animal's  dietary  and  observing  effects 
of  the  deficiencies  on  growth,  blood  cell  count,  and  skin  appearance,  and 
sometimes  pathology  at  the  time  of  death.  These  criteria  of  deficiency  are 
many  steps  removed  from  the  sites  of  cellular  reaction,  and  recently  a  few 
vitamins  of  the  B  complex  have  been  shown  to  act  as  coenzymes  in  certain 
metabolic  reactions.  Also  the  assay  of  foods  for  specific  vitamins  is  facilitated 
by  the  need  of  certain  microorganisms,  bacteria  and  yeasts  particularly,  for 
vitamins.  Yeasts  and  bacteria  have  a  remarkable  ability  to  synthesize  most  of 
the  water-soluble  vitamins,  yet  certain  species  and  strains  are  unable  to  syn- 
thesize specific  single  ones,  and  thus  they  can  be  used  for  assay  of  these  sub- 
stances. For  purposes  of  classification,  vitamins  can  be  divided  into  two  groups: 
those  which  are  water  soluble,  and  those  which  are  fat  soluble. 

Water-Soluble  Vitamins:  Thiamine  (Vitamin  BJ.  The  first  B  vitamin  to 
be  discovered  was  thiamine,  active  in  preventing  beriberi  in  man  and  poly- 
neuritis in  birds.  Thiamine  as  diphosphothiamine  occupies  a  key  position  in 
cellular  metabolism  as  cocarboxylase,  the  coenzyme  in  pyruvate  oxidation.  In 
all  animals  thiamine  promotes  growth,  and  at  least  in  mammals  its  lack  reduces 
appetite. 

Thiamine  is  widely  distributed  in  plant  and  animal  tissues,  and  probably  all 
cells,  whether  aerobic  or  anaerobic,  require  it.  Unlike  other  B  vitamins  it  is 
readily  destroyed  by  heat.  The  thiamine  molecule  consists  of  two  parts,  a 
pyrimidine  and  a  thiazole  moiety: 

+ 
NH3  CH3 

/  I 

N  =  C  C  =  C  -  CHo  -  CH.OH 

/      \  +/ 

CH3  -  C  C  -  CH2  -  N 

X       /  \ 

N  -  C  CH-S 

H 

pyrimidine  +  thiazole  =  thiamine 

Thiamine  stimulates  the  growth  of  many  unicellular  organisms,  even  where 
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added  thiamine  may  not  be  necessary  for  maintenance  and  for  low-level 
growth.  Chilomonas  Paramecium,  for  example,  grows  slowly  in  an  acetate- 
ammonia  medium;  addition  of  thiamine  more  than  doubles  the  multiplication 
rate,  and  addition  of  thiamine  plus  iron  increases  it  by  more  than  five  times.  ''** 
It  is,  therefore,  not  indispensable  in  the  diet  for  Chilomonas,  but  it  is  needed 
for  optimal  growth.  A  number  of  versatile  organisms— bacteria,  mold,  and 
flagellates— can  synthesize  both  the  pyrimidine  and  the  thiazole  rings,  and 
from  these  the  intact  thiamine  molecule  (Table  23).  Some  require  either  the 
pyrimidine  or  the  thiazole  from  outside,  others  need  both  the  pyrimidine  and 


TABLE  23.  REQUIREMENTS  FOR  THIAMINE  AND  ITS  COMPONENTS 
PYRIMIDINE  AND  THIAZOLE  (MODIFIED  FROM  LWOFP') 

—  indicates  substance  synthesized  and  not  required  in  diet; 
-f-  indicates  substance  not  synthesized  and  required  in  diet. 


Animal 

Pyrimidine 

Thiazole 

Thiamine 

Bacteria 

Proteus  vulgaris 

— 

_ 



Escherichia  coli 

— 





B.  coli 

— 

— 

— 

Staph,  aureus 

+ 

+ 

— 

Molds 

Aspergillus  niger 

— 

— 

— 

Mucor  mamamianus 

— 

+ 

— 

Phycomyces  blakesleanas 

+ 

+ 

— 

Phytophthora  cinnamoni 

+ 

+ 

Colorless  Flagellates 

Polytoma  obtusum 

— 

— 

— 

Polytoma  uvella 

— 

— 

— 

Polytoma  caudatum 

— 

+ 

— 

Polytoma  ocellatum 

— 

+ 

— 

Polytomella  caeia 

+ 

+ 

— 

Euglena  pisciformis 

+ 

-H 

— 

Chilomonas  Paramecium 

+ 

+ 

—  (+  max. 
growth) 

Strigomonas  sp. 

+ 

3  trypanosomes 

+ 

Protozoa 

Acanthamoeba  castellani 

+ 

— 

— 

Colpidium  striatum 

+ 

Colpidium  campylum 

+ 

Glaucoma 

+ 

the  thiazole,  and  finally  many  Protozoa  and  some  molds  need  the  intact 
thiamine  molecule,  as  do  all  multicellular  animals  which  have  been  investi- 
gated (Table  23).  Thiamine  stimulates  division  of  Tetrahymena  but  is  not 
a  dietary  requirement  if  D-amino  acids  are  present  in  the  medium.  '^'  '^  Table 
23  shows  that  with  increasing  specialization  among  Protozoa  the  ability  to 
synthesize  and  to  unite  the  two  components  drops  out  first,  then  the  ability 
to  synthesize  one  or  the  other  half,  and  finally  the  whole  molecule  is  required 
from  outside.  ^•^'  ^^ 

Thiamine  is  required  by  all  those  insects  and  vertebrates  which  have  been 
tested.    Mosquito  larvae  grown  on  foods  in  solution  need  thiamine,  0.0008 
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mg./ml.  ^*'  Rainbow  trout  fed  largely  on  canned  carp  developed  malfunction 
of  the  nervous  system  and  melanosis,  which  were  cured  by  intramuscular 
injections  of  thiamine.^^-  The  dietary  need  for  thiamine  by  trout  is  0.15- 
0.186  mg./kg./day.  Man  requires  about  1.1-1. 5  mg.  daily.  Many  animals 
have  in  the  digestive  tract  microorganisms  which  synthesize  thiamine,  and  the 
dietary  needs  may  therefore  be  less  than  the  actual  metabolic  needs.  Much 
thiamine  is  synthesized  by  microorganisms  in  the  rumen  of  sheep  and  cattle; 
hence  these  animals  do  not  require  thiamine  in  their  diet.  Calves  reared  on 
synthetic  milk  do  not  have  rumen  microorganisms  and  require  dietary  thia- 
mine. 

Raw  fish  contains  a  substance  which  destroys  thiamine,  so  that  when  raw 
fish,  particularly  viscera,  is  fed  to  foxes  or  chickens  ^-^^  these  animals  develop 
nerve  and  liver  symptoms  of  thiamine  deficiency.  The  active  agent  in  the 
fish  appears  to  be  an  enzyme  or  thiaminase  which  can  destroy  thiamine  in 
vitro.  '^^  How  the  fish  are  protected  from  losing  their  own  thiamine  is  un- 
known. 

Riboflavin  (Vitamin  B^}-  Riboflavin  is  needed  in  the  prosthetic  group  of 
flavoprotein  enzymes  which  act  in  cellular  respiration  between  dehydrogenases 
and  either  oxygen  or  cytochrome.  Riboflavin  is  a  constituent  of  Warburg's 
"yellow  enzyme,"  xanthine  oxidase,  D-amino  acid  oxidase  and  cytochrome 
reductase.  Riboflavin  is  an  alloxazine  derivative: 

CH,  -  (CHOH)3  -  CH.OH 
H  I 

C,  N  N 

/\/    \   /    \ 
H3C-C  C  C  CO 

H3C-C  C  C  ,NH 

\    /\    /\    / 
C  N  C 

H  II 

O 

Riboflavin  is  synthesized  by  many  microorganisms,  yeasts,  bacteria,  and 
probably  flagellates.  It  stimulates  multiplication  of  Chilomonas  but  is  not  a 
dietary  requirement.  ^'^^^  Riboflavin  is  required  by  the  ciliate  Tetrahymena 
strain  W.  '"  It  is  required  by  insects— Drosophila,  ^•^''  mosquito  larvae,  ^"'- 
and  numerous  beetles  (Table  24).  Some  beetles,  e.g.,  Lasioderma,  require 
riboflavin  when  sterilized  of  intestinal  flora,  but  normally  the  symbionts  syn- 
thesize sufficient  riboflavin  for  the  beetle.  In  the  cockroach  Blatella  gervianica 
omission  of  riboflavin  from  a  synthetic  diet  resulted  in  either  no  retardation  in 
growth  or  at  most  a  50  per  cent  retardation  (Noland,  personal  communica- 
tion). Analyses  of  roaches  reared  to  maturity  on  very  low  riboflavin,  of  the 
diet,  and  of  newly-hatched  nymphs  showed  that  a  30-fold  increase  in  body 
riboflavin  occurred  in  insects  reared  on  the  deficient  diets.  There  is  probably 
intestinal  synthesis  of  riboflavin  in  the  cockroach. 

Trout  need  0.44-0.68  mg.  of  riboflavin  per  kg.  body  weight  per  day.  '•'•'•  •^'' 
The  characteristic  signs  of  riboflavin  deficiency  in  mammals  are  skin  lesions. 
Rats  deficient  in  riboflavin  develop  skin  lesions,  some  alopecia  (shedding  of 
hair),  graying  of  hair,  cataracts,  and  ocular  lesions.   Pigs  require  riboflavin  for 
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proper  growth  and  for  normal  skin,  hair,  and  hoofs.  ^°'''  Fur-bearing  mammals 
such  as  the  fox  require  riboflavin  for  normal  sleekness  and  color  of  their 
fur.  "^'  ""  Manifestations  of  deficiency  of  riboflavin  in  man  appear  as  lesions 
of  skin,  mouth,  or  eyes,  and  the  recommended  intake  is  2.7  mg./day.  Monkeys 
deficient  in  riboflavin  fail  to  grow  normally,  develop  an  anemia  and  dermatitis, 
and  on  autopsy  have  fatty  livers;  they  need  25-30  />,g./kg./day.  ^'- 

It  is  difficult  to  know  the  true  body  requirement  for  riboflavin  since  it  is 
synthesized  by  digestive  microorganisms.  When  these  microorganisms  are  in 
the  cecum  or  colon  riboflavin  may  not  be  absorbed  in  sufficient  quantity  and 
more  may  be  lost  in  feces  than  need  be  taken  by  mouth.  In  the  rabbit,  for 
example,  the  total  excretion  (largely  fecal)  of  riboflavin  is  10  to  15  times  the 
intake,  and  rabbits  do  well  on  very  low  dietary  riboflavin,  either  because  of 
cecal  absorption  or  from  eating  feces.  ^^^  Ruminants  obtain  sufficient  ribo- 
flavin by  the  synthetic  process  of  rumen  organisms.  In  sheep  the  dried  rumen 
contents  contained  32  /xg./gm.  as  compared  with  0.3  /xg./gm.  in  the  food, 
whereas  the  milk  of  cows  contained  16-18  mg.  per  day  compared  with  an 
intake  of  1.8  mg.  in  the  food.  ^^  Calves  lacking  ruminant  organisms  require 
riboflavin  in  the  diet.  ^'^'^  The  amount  of  riboflavin  produced  by  organisms 
in  the  digestive  tract  varies  according  to  the  carbohydrates  in  the  diet,  and 
the  riboflavin  excreted  in  rats  on  a  high  lactose  diet  is  doubled  because  of 
stimulation  of  specific  flora.  ^-^ 

Niacin  (Nicotinic  Acid).  Niacin  is  the  third  vitamin  which  is  known  to 
function  in  cellular  respiration.  With  adenine,  a  pentose,  and  phosphoric  acid, 
nicotinic  acid  amide  (niacinamide)  constitutes  coenzymes  I  and  II  which  with 
specific  proteins  are  dehydrogenases.  The  structure  of  niacin  is: 

H 

HC  C-COOH 

II  1 

HC^  CH 

Niacin  is  synthesized  by  many  microorganisms,  yeasts,  bacteria,  and  flagellates, 
and  it  is  probably  required  by  all  metabolizing  cells,  hence  by  all  animals.  Its 
synthesis  in  amounts  sufficient  for  good  growth  and  multiplication  has  been 
demonstrated  in  Chilonionas.  •''**"  Niacin  is  required  by  the  ciliates  Tetra- 
hymena  and  Colpoda  diiodenaria. 

Niacin  is  required  by  a  variety  of  insects,  but  it  is  produced  by  the  symbiotic 
microorganisms  in  some  of  them  (Table  24).  Turkeys  deficient  in  niacin 
develop  a  perosis  or  scaly  skin  lesions.  *''^  In  mammals  also  the  microorganisms 
of  the  digestive  tract  synthesize  niacin  (or  nicotinamide),  and  even  in  man  the 
body  requirement  may  be  partly  filled  by  synthesis  from  tryptophane.  Enough 
is  formed  and  absorbed  in  the  hamster  that  none  need  be  added  to  the  diet. 
In  rats,  mice,  and  man  tryptophane  is  converted  to  niacin,  partly  by  digestive 
microorganisms  but  largely  in  body  tissues,  particularly  the  liver,  since  some 
additional  niacin  is  still  excreted  when  the  flora  is  poisoned  by  sulfathiazole 
or  when  tryptophane  is  injected  intravenously.  Synthesis  is  increased  by  add- 
ing tryptophane  to  the  diet  and  favored  by  the  presence  of  pyridoxine."^'  '■"' 
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Further,  calves  lacking  ruminant  organisms  do  not  require  dietary  niacin. 
Niacin-deficient  dogs  and  foxes"*^-  ^'"  develop  "blacktongue,"  which  is 
cured  by  feeding  nicotinic  acid.  In  dogs  a  diet  of  0.25  mg./kg./day  prevents 
"blacktongue"  and  permits  weight  gain;  half  that  amount  controls  "black- 
tongue"  but  does  not  permit  weight  increase.  ^^  In  man  pellagra  results  in 
part  from  a  deficiency  of  nicotinic  acid.  There  is  much  evidence  that  "black- 
tongue"  and  pellagra  are  complex  conditions,  part  of  which  result  from  niacin 
deficiency  and  part  from  a  diet  rich  in  corn,  a  grain  which  is  low  in  trypto- 
phane. "'- 

Pyridoxine  (Vitamin  Bn,  Pyridoxal,  Pyridoxamine).  Pyridoxine  is  a  pyridine 
derivative: 

CH.OH 

I 

A 
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As  pyridoxal  phosphate,  it  is  a  prosthetic  group  in  protein  utilization,  probably 
as  a  co-transaminase,  and  it  may  also  be  concerned  in  fat  metabolism.  Pyridox- 
ine is  not  a  dietary  requirement  of  flagellates,  although  its  addition  to  the 
medium  stimulates  the  growth  of  Chilovionas.  '""'  It  must  be  supplied  in 
relatively  large  amounts  for  optimal  growth  of  Tetrahymena  ''*'  and  Colpuda. 
!■"  Pyridoxine  is  a  general  requirement  for  insects  except  when  synthesized 
by  symbiotic  flora  (1  able  24).  Ruminant  mammals  obtain  sufticicnt  pyridox- 
ine from  their  rumen  bacteria,  the  rumen  contents  of  sheep  containing  ten 
times  as  much  as  the  food,  and  milk  containing  similar  amounts  whether  the 
cows  are  on  high  or  low  pyridoxine  diet."-''  Birds  and  nonruminant  mammals 
require  pyridoxine  in  their  diet.  Pyridoxine-deficient  ducklings  show  retarded 
growth  and  anemia.  Convulsions  appear  in  extremely  deficient  rats  and  pigs, 
dermatitis  in  rats,  and  anemia  in  dogs,  foxes,  and  pigs.  The  existence  of 
pathological  conditions  from  pyridoxine  deficiency  in  man  is  not  established, 
and  there  is  evidence  for  its  synthesis  by  man. 

Pantothenic  Acid.    Pantothenic  acid  has  the  following  structure: 


CHa  OH 

1    I 
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Pantothenic  acid  acts  as  a  coenzyme  in  acetylation  processes,  for  example,  in 
acetylation  of  choline  to  form  acetylcholine.  It  is  needed  for  optimal  growth  of 
Tetrahymena,  "''  and  Colpidiiim,  -"■'  but  added  pantothenate  does  not  stim- 
ulate the  flagellate  Chilomonas.'^^-'  Pantothenic  acid  favors  survival  of  the 
malaria  organism,  Plasmodium  lophurae,  in  vitro.  '•'"'  Several  insects  of 
different  groups  have  been  shown  to  require  pantothenic  acid,  even  when 
not  depleted  of  microorganisms,  and  more  severe  consequences  result  from 
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deficiency  of  pantothenate  than  from  that  of  any  other  B  vitamin.  Royal  jelly 
of  honey  bees  contains  three  times  more  pantothenic  acid  than  yeast  or 
liver.  ^^^  Ruminants  obtain  an  adequate  amount  from  their  symbiotic  flora, 
pantothenic  acid  increasing  by  6  to  25  times  in  the  rumen.  ••^-  "''  and  rabbits 
excrete  as  much  as  265  fxg.  daily  on  an  intake  of  17  ^g.  ^°-^  Even  in  man 
pantothenic  acid  is  synthesized  by  colon  bacteria  and  some  may  be  absorbed. 
Numerous  pathological  lesions  have  been  reported  in  pantothenic  acid  defi- 
ciency. There  is  initial  stimulation  and  ultimate  exhaustion  and  even  atrophy 
of  the  adrenal  cortex.  -'^ 

Trout  need  approximately  1.1  to  1.4  mg.  of  pantothenic  acid  per  kilogram 
per  day  to  prevent  a  characteristic  disease  of  the  gills.  ^°"  In  pantothenic  acid 
deficiency  fur-bearing  animals,  such  as  the  fox,  show  pathological  symptoms  in 
hver  and  kidney,  ^^'-^  and  monkeys  show  lack  of  growth,  thin  fur,  and  anemia. 
"^  Growing  chicks  and  ducklings  require  much  pantothenic  acid  and  when 
deficient  show  dermatitis  and  nerve  degeneration;  if  laying  hens  are  on  a  defi- 
cient diet  their  eggs  are  fertile,  but  embryonic  mortality  is  high. 

Biotin.  Biotin  is: 
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Biotin  was  discovered  independently  as  needed  by  certain  yeasts,  by  nitrogen- 
fixing  bacteria,  and  by  mammals.  Biotin  may  act  in  the  conversion  of  pyruvic 
acid  to  oxaloacetic  acid  by  COo  fixation.  '"  A  diet  rich  in  raw  egg  white 
causes  a  characteristic  dermatitis  in  chicks,  rats,  rabbits,  dogs,  and  monkeys; 
this  is  cured  by  addition  of  biotin  to  the  diet. 

Biotin  is  not  essential  in  the  diet  for  the  growth  of  the  ciliate  Tetrahy- 
mena.  ''''  It  has  a  pronounced  stimulating  action  on  the  growth  of  flour 
beetles  and  may  be  a  component  of  the  unkown  yeast  factors  required  by  some 
other  insects.  Mosquitoes  fail  to  metamorphose  without  biotin  in  their 
diet.  ^^^  Biotin  appears  to  be  synthesized  in  the  intestine  by  different  bacteria 
from  those  synthesizing  some  of  the  other  B  vitamins,  and  biotin  synthesis  is 
favored  by  dextrin  but  not  by  lactose.  Not  enough  is  synthesized  to  satisfy 
the  needs  of  the  hamster,-^  but  probably  enough  is  produced  by  symbionts  in 
rabbits.^"''  A  deficiency  in  hens  results  in  high  embryonic  mortality  and  perosis 
or  skeletal  deformity  in  young  chicks,  which  can  be  prevented  by  injection 
of  biotin  into  the  incubating  eggs.-'^'  -"*•  -'^ 

Folic  Acid  (Pteroylglutamic  Acid).  Folic  acid  is  a  B  vitamin  which  has 
spectacular  effects  in  the  treatment  of  certain  types  for  anemia.  It  is  needed 
by  Tetrahymena  strain  W  but  not  strain  £.-•*"•  *^-'-  *'"-  "  In  a  few  insects  such 
as  Triholiwn,  Ephestia,  and  especially  Tenehrio  larvae  (Table  24),  folic  acid 
is  essential  for  growth;  it  is  particularly  important  in  the  third  instar  of  Aedes 
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larvae  and  for  pupation  and  pigmentation.'*^  Young  turkeys  on  a  diet  defi- 
cient in  folic  acid  show  retarded  growth  and  anemia,  whereas  in  mice  hemato- 
poiesis  in  the  bone  marrow  is  arrested,  with  a  hyperplasia  of  immature  cell 
types.^^-'  Folic  acid  is  essential  for  mink,^^*^  and  in  monkeys  a  folic  acid 
deficiency  results  in  lack  of  growth,  anemia,  and  reversed  lymphocyte/neutro- 
phile  ratio.-**  Further  investigation  will  probably  indicate  a  wide  need  for 
folic  acid,  particularly  in  growth  and  cell  division. 
Folic  acid  has  the  following  structure: 

H    H  /\    /X 
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Vitamin  Bi,-  The  anemias  which  develop  in  animals  deficient  in  riboflavin, 
pyridoxine,  pantothenic  acid,  or  niacin  are  microcytic,  that  is,  characterized  by 
the  presence  of  undersized  red  cells  in  the  blood.  Macrocytic  anemia,  with 
small  numbers  of  large  red  cells,  occurs  in  deficiency  of  folic  acid  and  of 
vitamin  Bio.  Vitamin  Bio  has  been  crystallized  and  shown  to  contain  co- 
balt, ^^^  but  its  chemical  identity  is  not  yet  known;  it  is  derived  from  liver  and 
is  effective  against  macrocytic  anemia,  even  with  central  nervous  system  in- 
volvement. It  is  a  specific  anti-pernicious  anemia  factor.  Vitamin  Bio  not  only 
stimulates  hematopoiesis  but  also  promotes  growth  in  chickens,  rats,  and  pigs, 
and  it  may  be  identical  with  some  of  the  unknown  factors  found  for  various 
animals.  There  is  evidence  for  interaction  between  Bio  and  pteroylglutamic 
acid,  and  in  certain  human  macrocytic  anemias  pteroylglutamic  acid  is  effective 
when  vitamin  Bio  is  ineffective.  In  some  bacteria,  vitamin  Bi_.  is  concerned 
with  the  ability  to  synthesize  nucleosides,  particularly  thymidine.  '-''  Vita- 
min Bio  is  required  by  Euglena  gracilis  for  maximum  growth  ''■'  and  also  by 
Astasia  klehsii  (Thayer  and  Kidder,  unpublished),  whereas  it  is  synthesized 
by  Tetrahyniena. 

Miscellaneous  B  Vitamins.  Choline  and  inositol  are  two  substances  which 
are  widely  distributed  in  animal  tissues  and  are  probably  synthesized  by  most 
animals,  but  the  rate  of  synthesis  may  not  be  adequate  for  the  cellular  needs; 
hence  they  are  sometimes  considered  as  vitamins.  Choline  is  a  constituent  of 
lecithin  and  other  lipids  and  is  a  precursor  of  acetylcholine,  a  substance  im- 
portant 'in  nerve  function  (Ch.  23).  Choline  serves,  in  addition,  as  a  source 
of  labile  methyl  groups  needed  in  transmethylation  processes;  it  is  synthesized 
from  methionine  and  ethanolamine  in  the  rate;  methionine  also  can  function 
as  a  methyl  donator.  If  a  diet  is  low  in  protein,  particular!)'  in  methionine,  and 
high  in  fat,  choline  is  then  a  dietary  essential,  and  in  such  choline  deficiency 
rats  show  hemorrhages,  increase  in  liver  fat,  and  ultimately  renal  degeneration. 
Choline  is  essential  in  fatty  acid  metabolism.  It  has  a  favorable  action  on 
growth  in  numerous  insects.  It  is  the  most  essential  vitamin  for  the  cock- 
roach, '°^  but  apparently  many  other  insects  synthesize  it  in  adequate  amounts 
(Table  24''0-  Unlike  the  rat,  the  cockroach  evidently  does  not  make  choline 
from  ethanolamine  and  methionine;  however,  betaine  (trimethyl  glycine)  can 
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substitute  quantitatively  for  choline  in  the  diet  of  the  roach.  ^^^  Choline  is 
not  required  in  the  diet  of  the  ciliate  T etrahymena?'^ 

Inositol  also  is  a  constituent  of  many  lipids,  occurs  in  nucleic  acids,  and  is 
widely  synthesized.  Certain  strains  of  microorganisms  require  it,  but  no  in- 
sects have  been  found  to  need  it  in  the  diet.  Inadequate  amounts  may  be 
synthesized  by  growing  chickens  and  turkeys  and  by  mammals  if  the  diet 
contains  the  cereal  product  phytin;'-'-'  ^^-^  under  these  conditions  it  is  a 
dietary  essential.  Early  reports  of  specific  effects  of  inositol  on  some  types  of 
alopecia  (hair  loss)  appear  not  to  have  been  confirmed. 

Para-aminobenzoic  acid  is  apparently  a  precursor  of  folic  acid  and  may  not 
be  a  true  dietary  factor  for  animals  if  there  is  an  adequate  supply  of  folic  acid. 
Additions  of  p-aminobenzoic  acid  favor  survival  in  vitro  of  Plasmodium 
knoivlesii,  ^-^^    but  it  apparently  is  not  needed  by  insects  or  higher  animals. 

Ascorbic  Acid  (Vitamin  C).  Ascorbic  acid  has  the  following  structure: 


This  is  a  substance  which  is  readily  oxidized,  and  therefore  it  may  be  important 
in  maintaining  a  proper  oxidation-reduction  balance  in  many  cells.  It  is  widely 
distributed  in  animal  tissues  and  in  many  plant  sources  and  appears  to  decrease 
in  the  adrenal  cortex  under  various  stress  conditions,  as  indicated  for  tempera- 
ture extremes  in  Chapter  10,  p.  349.  Ascorbic  acid  was  early  discovered  as  the 
anti-scurvy  vitamin  in  man.  Its  lack  results  in  small  scattered  hemorrhages 
and  lesions,  particularly  of  the  gums.  Ascorbic  acid  is  needed  in  the  production 
of  intercellular  cement,  particularly  of  capillaries.  The  human  requirement  is 
1.6  to  1.7  mg./kg./day.  ^-^  Ascorbic  acid  is  not  required  in  the  diet  by  all 
mammals.  It  is  synthesized  in  sufficient  amounts  by  the  rat  and  hamster,  but 
must  be  fed  to  guinea  pigs,  monkeys,  and  men.  Ascorbic  acid  appears  not  to  be 
essential  in  the  nutrition  of  insects,  but  those  animals  may  synthesize  it.  ^^^ 
The  larvae  of  honeybees  contain  more  ascorbic  acid  than  do  the  adults.  ^^  It 
is  said  to  be  needed  by  cultures  of  the  higher  trypanosomes  (mammalian  blood 
parasites)  such  as  Leishmania  and  Schizotrypanum,  but  not  by  free-living 
protozoans  and  primitive  trypanosomes  such  as  Strigomonas  and  Lepto- 
monas.  ^^ 

Vitamin  P.  This  term  is  applied  to  a  group  of  products  found  in  green 
plants  and  citrus  fruits  whose  action  may  be  more  pharmacological  than 
nutritional.  These  substances,  flavone  glycosides,  rutin,  and  others,  protect 
against  capillary  hemorrhages  and  regulate  the  capillary  cement.  They  differ 
from  ascorbic  acid  and  may  not  be  true  vitamins. 

Purines  and  Pyrimidines.  In  some  animals  purines  and  pyrimidines  are 
dietary  essentials.    In  culturing  the  ciliate  Tetrahymena  Kidder  and  Dewey 
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isolated  three  unkown  essential  factors.  One  of  these  proved  to  be  a  purine, 
and  guanine  is  specific,  although  others  are  additive;  another  of  these  factors 
is  a  pyrimidine,  and  in  cultures  cytidylic  acid  or  uracil  is  used;  the  third  is  still 
unknown  (see  p.   135). 

A  malaria  organism,  Plasmodiuvi  knowlesii,  needs  purines  and  pyrimidines 
for  best  survival  in  vitro.^-^''  Drosophila  larvae  have  been  grown  on  a  syn- 
thetic medium  which  includes  ribonucleic  acid,  '-"*  and  it  is  possible  to  substi- 
tute nucleotide  or  the  purine  adenine  for  this  requirement.  '^-^  Other  insects 
seem  not  to  require  dietary  purines.  In  no  mammals  have  purines  and  pyrimi- 
dins  been  shown  to  be  dietary  essentials,  but  since  all  cells  contain  them  in 
nucleic  acids,  the  enzymes  for  purine  and  pyrimidine  synthesis  must  be  very 
widespread.  Numerous  animals,  such  as  Tetrahyniena,  lack  the  enzymes 
present  in  mammals  for  synthesis  of  guanine  and  uracil. 

Hematin.  Probably  all  aerobic  organisms  have  oxidative  enzymes  and 
carriers  (cytochromes)  which  contain  iron  in  a  porphyrin  ring  similar  to  that 
in  hematin.  The  hemochromogen  of  cytochrome  is  more  primitive  in  an 
evolutionary  sense  than  hemoglobin  and  is  synthesized  by  many  animals  and 
plants  which  do  not  make  hemoglobin.  A  few  blood  parasites,  the  hemo- 
flagellates,  have  lost  the  ability  to  synthesize  the  hematin  which  they  need 
and  therefore  rely  on  their  host.  Closely  related  flagellates  which  are  parasitic 
on  insects  and  plants  (e.g.,  Strigomonas^  do  not  require  hematin  when  cul- 
tured in  vitro  but  presumably  synthesize  it.  Several  species  of  Leishviania  and 
Trypanosovia  which  parasitize  birds  and  mammals  require  hematin,  proto- 
hematin,  or  protoporphyrin  (but  cannot  use  other  related  substances)  when 
cultured  in  vitro.  ^^  This  is  an  interesting  instance  of  loss  of  a  synthetic 
function  by  a  parasite  with  increasing  dependence  on  the  host.  Hematin  is, 
then,  a  vitamin  for  these  trypanosomes  and  for  J^eishmania,  but  not  for  other 
kinds  of  animals. 

Fat-Soluble  Essential  Substances.  The  fat-soluble  vitamins  differ  from  the 
water-soluble  ones  in  being  much  more  restricted  as  dietary  requirements. 
Vitamins  A,  D,  E,  and  K  are  known  only  for  vertebrates. 

Vitatnin  A.  One  form  of  this  is: 
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Vitamin  A  is  synthesized  by  animals  from  plant  carotenes  and  is  a  part  of 
several  pigment  systems.  The  best  known  of  these  is  the  visual  purple  pigment 
of  the  vertebrate  eye.  This  visual  pigment  is  formed  from  vitamin  A,  which 
occurs  in  two  forms— Ai  found  in  the  retina  of  higher  vertebrates  and  marine 
fish,  and  A^  found  predominantly  in  fresh-water  Hsh  (see  Fig.  120,  Ch.  11). 
Vitamin  A  is  stored  in  the  Hver,  and  a  deficiency  may  result  in  xerophthalmia. 
Vitamin  A2  of  fresh-water  fish  can  be  used  by  mammals,  but  less  well  than  A^. 
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The  rat  converts  carotene  to  vitamin  A,  probably  in  the  small  intestine. 
Carotene  is  converted  slowly  and  is  stored  in  the  liver  as  Ai  in  codfish'"-  ^-" 
and  lobster,  ^'^^  and  as  As  in  perch  and  dace.  "■"*  Vitamin  A  is  not  required 
in  the  diet  of  the  cockroach,  and  analyses  indicate  that  this  animal  does  not 
synthesize  it.  ^^  Vitamin  A  has  not  been  found  necessary  for  growth  or 
maintenance  of  any  invertebrate  animals,  although  it  is  suggested  for  the 
snail  Helix  pomatia.  "'  Since  visual  purple  occurs  in  the  pigment  system  of 
some  arthropod  and  cephalopod  eyes  (see  Chapter  11)  the  possibihty  of  a 
carotene  or  vitamin  A  requirement  for  visual  function  in  these  animals  should 
be  tested. 

Vitamin  D.  This  is  a  class  of  substances,  the  most  important  of  which  are: 
(1)  D2  or  calciferol,  which  is  obtained  by  irradiation  of  ergosterol,  and  (2) 
Da  or  activated  7-dehydrocholesterol,  which  occurs  in  fish  liver  oil  and  is  syn- 
thesized in  the  skin  of  higher  animals  under  action  of  sunlight.  Vitamin  Do 
is  only  one-thousandth  as  active  for  chickens  as  is  D^,  whereas  the  two  forms 
are  nearly  equally  active  for  rat  and  man.  Vitamin  D  increases  the  absorption 
of  calcium  and  phosphorus,  and  its  lack  results  in  low  bone  phosphatase  and 
abnormal  bone  production,  one  kind  of  rickets.  It  is  also  needed  for  proper 
dentin  formation  in  teeth.  Unlike  cholesterol,  no  form  of  vitamin  D  has  been 
shown  to  be  essential  for  any  nonvertebrate,  but  the  relation  of  specific  sterols 
to  phosphatase  activity  in  shell  deposition  in  crustaceans  and  molluscs  seems 
not  to  have  been  investigated. 

Vitamin  E  (a-,  /3-,  and  y -Tocopherols').  The  most  important  form  of  vita- 
min E  is: 
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Vitamin  E,  usually  supplied  as  a-tocopherol,  is  necessary  for  normal  develop- 
ment of  vertebrates.  Deficiency  results  in  degeneration  of  germinal  epithelium 
in  the  male  and  resorption  of  embryos  from  female  mammals.  Local  hemor- 
rhages, blood  vessel  impairment,  brain  and  liver  lesions,  and  particularly  lesions 
of  the  testis  have  been  observed  in  deficient  chickens,  '  tadpoles,  "'^  and  fish 
(guppies-'O-  It  is  likely,  therefore,  that  vitamin  E  is  essential  for  all  classes 
of  vertebrates.  It  is  required  for  the  proper  use  of  vitamin  A,  probably  because 
of  its  anti-oxidant  properties.  Among  invertebrates,  vitamin  E  is  probably  not 
essential,  but  in  the  moth  Ephestia  a-tocopherol  protects  linoleic  acid  from 
oxidation,  although  other  antioxidants,  for  example,  ascorbic  acid,  can  do  as 
well. 

Vitamin  K  (Methyl  Phytyl  Naphthoquinone).  Vitamin  K  is  an  antihe- 
morrhagic  factor  essential  for  prothrombin  formation.  Its  needs  has  been 
demonstrated  in  several  mammals  and  birds,  and  it  is  obtained  as  Ki  from 
green  leaves  and  as  Kj  from  putrefying  fish  meal.   Supplements  of  vitamin  K 
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are  particularly  useful  to  prevent  hemorrhages  in  young  chickens,  in  human 
infants,  and  in  adults  with  obstructive  jaundice.    Vitamin  Ki  is: 
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Vitamin  K  is  not  a  dietary  essential  for  the  cow— it  is  synthesized  in  the  rumen; 
also  the  rat,  dog,  and  probably  man  obtain  enough  from  bacteria  in  the  in- 
testine. This  is  not  true  for  chickens,  however,  and  in  mammals  shortly  after 
birth  the  prothrombin  level  of  the  blood  drops  unless  the  vitamin  K  level  in 
the  maternal  blood  has  been  high.  The  entire  molecule  is  not  necessary,  for 
the  naphthoquinone  is  as  effective  in  maintaining  blood  prothrombin  as  is  the 
vitamin  K  with  its  side  chain. 


Fig.  28.   Wings  of  Ephestia  in  increasing  deficiency  of  linoleic  acid  from  1  (no 
deficiency)  to  8.   From  Fraenkel  and  Blevvett.'" 

Specific  Fatty  Acids.  Most  animals  grow  and  live  well  with  little  or  no 
dietary  fat,  but,  since  fat  is  the  most  favorable  storage  substance,  it  can  be 
intercon verted  to  and  from  carbohydrate  and  under  some  conditions  to  and 
from  proteins;  hence  fat  may  be  deposited  on  a  high  caloric  intake  even  when 
little  fat  is  fed.  This  is  well  shown  in  the  flagellate  Chilo-inonas  which  accumu- 
lates fat  droplets  when  fed  acetate,  particularly  in  the  absence  of  sulfur.  In 
higher  animals  the  deposited  fat  may  differ  from  the  food  fat  in  respect  to 
melting  point  or  degree  of  saturation.  The  total  fat  intake  can  be  reduced  to 
very  low  levels  in  birds  and  mammals.  Apparently  fats,  per  se,  are  not  neces- 
sary in  animal  diets;  however,  at  least  one  fatty  acid  is  required  by  certain 
animals.    Moths  of  the  genus  Ephestia  require  linoleic  acid  for  successful 
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emergence  and  normal  appearance  of  the  scales,  and  lack  of  linoleic  acid 
causes  an  appearance  similar  to  that  of  certain  mutants;  possibly  a  given  gene 
controls  linoleic  acid  metabolism,  and  hence  scale  production  (Fig.  28). 
Linoleic  acid  synthesis  occurs  in  Tenehrio  but  not  in  Ephestia,  as  shown  by 
the  following  figures: 

LINOLEIC  ACID  CONTENT  OF  FAT" 

Tenehrio  Ephestia 

with  linoleic  acid  in  diet  20  per  cent  15  per  cent 

without  Hnoleic  acid  in  diet  10  per  cent  1  per  cent 

Rats  on  a  low  fat  diet  develop  hematuria,  loss  in  weight,  and  scaly  feet  and 
tail,  all  of  which  symptoms  are  then  cured  by  feeding  linoleic  acid  as  sodium 
linoleate,  about  30  mg.  per  day.  Linolenic  acid  cannot  be  substituted,  and 
vitamin  E  or  some  other  antioxidant  must  be  present  for  proper  utilization  of 
the  linoleate.  ■"^'  ^^'  ^'' 

Men  have  lived  well  for  six  months  on  a  low  fat  diet  which  would  have 
been  insufficient  for  rats;  however,  their  blood  concentration  of  linoleic  acid 
declined;  hence  man  needs  linoleic  acid  in  metabolism,  but  can  synthesize 
relatively  more  of  it  than  the  rat  can.  ^■'  Chickens  also  grow  well  on  a  diet 
containing  less  than  0.1  per  cent  of  fat,  and  the  depot  fat  is  more  saturated 
under  this  condition  than  on  a  normal  fat  ration.  "^  Apparently,  then,  the 
ability  to  synthesize  fatty  acids  is  universal  among  animals,  but  Hnoleic  acid 
is  not  synthesized  in  sufficient  amounts  by  some  species  and  hence  is  a  dietary 
essential  for  them. 

Cholesterol.  Sterols  are  commonly  associated  with  fatty  acids  in  a  variety 
of  lipoidal  compounds,  and  by  far  the  most  common  animal  sterol  is  cholesterol. 
As  with  the  fatty  acids,  there  is  much  variation  in  ability  to  synthesize  the 
needed  cholesterol,  and  some  species  require  it  in  their  diet.  For  example, 
Lwoff  ^^'  ^-^  states  that  cholesterol  is  not  needed  by  free-living  Protozoa  or  by 
primitive  trypanosomes  (Strigoynonas,  Leptomonas),  but  it  is  needed  by 
specialized  trypanosomes  (Trichonwnas  and  Eiitrichomastix).  ^^  Probably  all 
insects,  beetles  (Lucilia,  Triholium),  flies  (Drosophila),  and  roaches  (Blatella) 
require  dietary  cholesterol  (Table  24).  Dermestes,  normally  a  wool  feeder, 
uses  only  animal  sterols,  not  ergosterol  or  sitosterol,  whereas  flour  beetles  do 
well  on  the  plant  sterols;  none  require  calciferol  (vitamin  D).  ^^  Drosophila 
can  use  ergosterol  or  cholesterol  but  not  calciferol.  ''■'  Larvae  of  Aedes  aegypti 
fail  to  metamorphose  without  some  lipid  in  the  diet,  a  need  which  is  satisfied 
by  cholesterol  or  lecithin  but  not  by  fatty  acids.  ^^'  Vertebrates  can  synthesize 
the  cholesterol  which  they  need. 

It  was  formerly  believed  that  the  sterol  components  of  invertebrate  animals 
depended  largely  on  the  diet,  herbivorous  animals  having  predominantly 
higher  sterols  (C2;))  and  carnivorous  animals  having  lower  sterols  like  chole- 
sterol CC07).  This  dietary  correlation  now  appears  not  to  hold,  but  the  sterols 
of  different  animals  are  often  complex  and  may  be  useful  in  taxonomy  of  some 
groups.  '^^  '■'  For  example,  gastropod  and  cephalopod  molluscs  contain  mainly 
cholesterol,  whereas  pelecypods  have  mixtures  of  higher  melting  point  sterols, 
mostly  with  28  carbons.  Sponges  contain  a  mixture  including  Ci>7,  Cjh,  and 
Cj<,  sterols,  some  of  which  are  unique  and  may  be  useful  in  tracing  taxonomic 
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relations  within  the  Porifera.  The  principal  sterol  of  insects  and  vertebrates  is 
cholesterol. 

Unknown  Factors.  The  discovery  of  vitamins  often  proceeds  by  a  tedious 
process  of  dietary  elimination;  an  animal  is  fed  a  complex  diet  on  which  it 
thrives,  then  this  diet  is  gradually  fractionated  into  identifiable  components 
which  can  be  eliminated  one  by  one.  Sometimes  the  searches  for  an  essential 
component  for  two  or  more  organisms  lead  to  discovery  of  the  same  substance, 
as  when  folic  acid  was  identified  as  a  factor  for  certain  yeasts,  molds,  and 
mammals.  A  few  examples  of  dietary  factors  which  have  not  been  identified 
chemically  can  be  cited. 

The  ciliate,  Tetrahymena  geleii,  has  been  cultured  in  a  medium  of  amino 
acids,  dextrose  or  acetate,  inorganic  salts,  and  B  vitamins  as  described  above. 
In  addition,  these  organisms  require  a  purine  and  a  pyrimidine  and  a  third 
factor  which  is  obtained  best  from  a  Norit  filtrate  of  liver  extract.  This  un- 
known liver  factor  has  been  separated  into  tv/o  components  (factors  II  A  and 
II  B).  "'•  '*=■  i-^-^  In  turn  factor  II  B  is  found  to  be  replaceable  by  large  amounts 
of  pyridoxine  together  with  copper  and  iron  salts.  Factor  II  A  is  not  replace- 
able by  any  of  a  variety  of  compounds,  including  vitamin  Bi-;  it  is  stable  to 
hydrolysis  in  weak  acid  and  alkali,  and  is  precipitated  with  lead  and  extracted 
with  butanol.   Its  identity  is  not  known,  but  it  has  been  named  protogen. 

Trout  which  are  fed  on  a  diet  of  devitaminized  casein,  sucrose,  salts,  known 
vitamins,  and  dry  liver,  which  is  adequate  for  rats  and  chickens,  do  not  grow 
well.  In  addition  to  thiamine,  riboflavin,  pyridoxine,  pantothenic  acid,  and 
choline,  trout  require  some  unknown  substance  which  is  present  in  fresh  liver 
and  yeast.  '•^"    It  will  be  of  interest  to  test  vitamin  B12  on  trout. 

Planaria  grow  rapidly  in  a  sterile  medium  if  fed  on  animal  tissues  which 
provide  a  complete  supply  of  needed  factors.  Liver  is  the  most  favorable  food; 
the  mucosa  of  such  regions  as  cecum  is  better  than  that  of  other  regions  such 
as  duodenum;  egg  white  alone  is  deleterious,  whereas  egg  yolk  permits  slow 
growth;  and  kidney  cortex  is  superior  to  kidney  medulla.  ^^^  ^^-  The  liver 
from  guinea  pigs  fed  on  a  balanced  diet  containing  grass  or  kale  permits  good 
growth  of  planaria,  but  if  the  green  vegetable  is  replaced  by  orange  or  tomato 
juice,  the  planaria  cease  normal  growth.  ^■'-  Guinea  pigs  on  such  a  deficient 
diet  ultimately  show  various  deficiency  symptoms  such  as  muscle  degenera- 
tion. ^"'•■^  This  guinea  pig  liver  factor  for  planaria  is  somewhat  similar  to  the 
unknown  factor  occurring  in  liver  which  is  required  by  trout.  There  are 
several  reports  of  unknown  factors  which  can  be  supplied  from  liver  as  essen- 
tials for  normal  growth  and  maintenance  of  guinea  pigs.  ^'''^ 

Knowledge  of  the  physiology  of  parasitic  worms  has  long  been  retarded  by 
inability  to  culture  them  in  vitro.  Many  attempts  at  culture  have  been  made, 
but  the  best  that  can  be  done  at  present  is  to  prolong  survival.  Some  tape- 
worms and  nematodes  can  be  kept  for  days  in  salt  solutions.  The  most  success- 
ful cultures  to  date  are  those  of  Smyth,  '-**-  '-"  who  kept  larval  tapeworms  in 
a  medium  of  peptone  broth,  salts,  and  sugar  for  300  days,  during  which  there 
was  some  maturation  of  the  worms  and  regular  utilization  of  sugar.  Whether 
parasitic  worms  can  absorb  essential  factors  from  host  tissues  is  not  well  estab- 
lished. However,  tapeworms  grow  well  in  rats  which  are  receiving  a  diet  low 
in  protein  or  in  vitamins  A,  D,  E,  and  B],  but  not  in  rats  fed  a  diet  deficient 
in  carbohydrate  or  riboflavin  (in  female  but  not  in  male  hosts);  hence  these 
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two  latter  substances  must  be  supplied  in  the  diet,  whereas  the  protein  and 
other  vitamins  can  be  taken  from  the  host  mucosa.  -•  ^^ 

Larvae  of  bark  beetles,  Synchroa  and  Dendroides,  grow  on  sterile  bark  but 
do  not  pupate  unless  the  rhizomes  of  a  fungus  or  some  nonsterile  bark  is  added. 
Apparendy  the  fungus  provides  some  unknown  compound  essential  for  pupa- 
tion. ^^"^  Several  beetles  have  been  shown  to  require  the  identified  B  vitamins, 
except  para-aminobenzoic  acid  and  possibly  inositol;  in  addition,  Tenehrio 
requires  an  unknown  called  Bt,  and  Triholiiim  needs  two  different  unknown 
factors  found  in  yeast.  •"  Roaches  fed  a  synthetic  diet  equal  to  the  best  crude 
diet  for  growth  nevertheless  did  not  reproduce  normally;  the  necessary  factors 
are  unknown  (Noland,  unpublished). 

The  diets  of  many  animals  under  natural  conditions  are  very  restricted. 
Sometimes  dietary  restrictions  are  related  to  feeding  mechanisms  (Ch.  6); 
sometimes  they  depend  on  chemical  sense  and  orientation  with  respect  to 
chemical  stimuli.  In  other  animals  there  appear  to  be  unknown  nutritional 
factors  which  determine  food  preference.  In  no  group  are  there  so  many 
examples  of  restricted  diets  as  among  insects,  particularly  the  herbivorous  ones, 
which  mav  be  attracted  chemically  to  single  kinds  of  plant  ^'^  and  which  may 
eat  only  certain  kinds  of  leaves.  The  chemical  which  attracts  an  insect  to  a 
plant  is  not  necessarily  a  nutrient.  For  example,  silkworms  can  be  forced  to 
eat  some  leaves  other  than  mulberry,  but  they  do  not  grow  properly  on  the 
substitutes.  ^^'^  Female  mosquitoes  of  most  species  require  a  blood  meal  for 
normal  egg  development.  In  several  insect  groups  polymorphism  depends  on 
the  diet,  ^^"  as  the  transformations  of  Hymenoptera.  The  identification  of  the 
active  essential  components  in  the  food  of  specialized  insects  and  the  study  of 
the  ways  these  components  cause  morphological  changes  have  scarcely  been 
started. 

To  ascertain  the  true  nutritional  needs  of  an  animal  it  is  necessary  to 
measure  not  only  growth  rate  but  also  the  ability  to  reproduce  or,  better 
still,  to  survive  normally  for  many  generations  on  an  experimental  diet.  The 
discovery  of  new  vitamins  for  common  laboratory  animals  is  becoming  more 
difficult  and  chemical  identification  is  becoming  more  prompt  than  in  the 
early  period  of  vitamin  research.  It  is  likely,  however,  that  as  more  kinds  of 
animals  are  studied  as  thoroughly  as  the  rat  has  been,  new  essential  substances 
will  be  found  for  particular  species. 

CONCLUSIONS 

It  is  possible  that  the  first  "organisms"  were  heterotrophic,  but  certainly 
animals  as  we  now  know  them  evolved  from  autotrophic  organisms.  The 
history  of  nutrition  shows  increasing  dependence  of  animals  on  autotrophs 
and  a  progressive  loss  of  capacity  to  synthesize.  Loss  of  synthesizing  enzymes 
and  increasing  dependence  on  external  sources  for  needed  organic  compounds 
is  shown  particularly  well  in  parasites.  For  example,  the  more  primitive 
trypanosomes,  parasitic  in  insects  and  plants,  synthesize  their  needed  hematin, 
whereas  those  which  parasitize  mammals  require  hematin  from  outside  if  they 
are  to  grow  hi  vitro.  A  comparison  of  the  capacities  of  free-living  and  of 
parasitic  helminths  to  synthesize  B  vitamins  would  be  of  interest.  Flagellate 
protozoans  (leucophytes)  which  can  use  acetates  as  carbon  source  form  an 
interesting  scries  with  respect  to  ability  to  use  inorganic  nitrogen,  nitrate, 
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ammonia,  single  amino  acids,  and  special  mixtures  as  of  peptones.  Similarly 
some  of  them  can  synthesize  either  pyrimidine  or  thiazole  (or  both),  and  from 
these  thiamine;  others  can  synthesize  thiamine  only,  while  the  highly  special- 
ized flagellates  and  free-living  ciliates  must  be  supplied  with  thiamine  in  the 
diet. 

The  loss  of  ability  to  synthesize  needed  compounds  is  not  always  complete, 
since  animals  in  deficiency  can  be  shown  to  synthesize  some  needed  com- 
pounds. When  flagellates  are  transferred  from  one  medium  to  a  simpler  one, 
growth  is  often  poor  initially  and  good  later,  indicating  metabolic  adaptation 
which  may  be  either  a  change  in  enzyme  pattern  or  selection  of  those  in- 
dividuals which  initially  had  the  greater  synthesizing  capacity.  ^--  Mammals 
normally  obtain  their  nitrogen  as  protein,  but,  if  minimal  amounts  of  the 
essential  amino  acids  are  supplied,  mammals  can  use  urea  or  ammonium  salts 
from  which  to  synthesize  amino  acids  and  thus  protein.  The  amount  of  pro- 
tein normally  consumed  by  man  in  our  western  civilization  is  much  greater 
than  the  amount  required  to  supply  the  necessary  amino  acids,  and  protein  is 
an  uneconomical  source  of  energy.  Certain  amino  acids  act  in  specific  processes 
(e.g.,  arginine  in  growth),  but  are  needed  by  man  in  gram  amounts  daily,  as 
compared  with  milligrams  or  micrograms  of  B  vitamins.  The  amino  acid  and 
vitamin  requirements  for  growth  are  greater  than  those  for  maintenance  of 
adults.  It  is  striking  that  the  amino  acids  which  are  "dietary  essentials"  are 
similar  for  the  ciliate  Tetrahymena  and  for  the  rat. 

It  appears  that  the  essential  amino  acids  and  B  vitamins  are  similar  in  all 
animals  and  that  each  one  has  its  particular  role  in  cellular  metabolism.  Some 
of  the  B  vitamins  act  as  coenzymes  for  vital  reactions  in  all  aerobic  cells;  this 
has  been  established  for  thiamine,  riboflavin,  niacin,  pyridoxine,  and  panto- 
thenic acid.  Animals  must  either  synthesize  these  essentials,  get  them  from  a 
dietary  source,  or  obtain  them  from  symbiotic  microorganisms  which  can 
synthesize  them.  Insects  and  mammals  with  gastrointestinal  tracts  sterilized 
of  microorganisms  have  much  higher  vitamin  requirements  than  those  whose 
gastrointestinal  tracts  contain  the  normal  symbionts.  k  is  difficult  to  state  the 
true  metabolic  requirement  for  a  substance  such  as  a  water-soluble  vitamin  or 
amino  acid  in  a  higher  animal,  even  when  microorganisms  are  eliminated,  since 
some  of  the  substance  is  often  synthesized,  although  not  in  sufficient  quantity. 
It  is  probable  that  higher  animals  can  be  stimulated  to  greater  synthesis  of  B 
vitamins  by  a  lack  of  these  and  with  an  excess  of  the  precursors  in  their  diet. 
Most  of  the  B  vitamins,  then,  because  of  their  cellular  functions,  are  metabolic 
requirements  of  all  animals  and  are  dietary  requirements  of  some. 

There  are  also  many  substances  which  are  required  by  specific  groups  of 
animals.  The  ciliate  Tetrahyvtena  requires  guanine,  whereas  mammals  can 
synthesize  it  from  adenine,  and  Tetrahymena  requires  a  pyrimidine  uracil, 
which  is  not  metabolized  when  it  is  fed  to  mammals  but  which  is  synthesized 
by  them.  Apparently  Protozoa  and  many  insects  and  mammals  do  not  need 
fats,  whereas  a  few  insects  and  mammals  need  only  one  fatty  acid,  linoleic 
acid.  All  insects  require  cholesterol;  mammals  and  birds  synthesize  it.  The  fat- 
soluble  vitamins,  vitamins  A,  D,  E,  and  K,  are  strictly  vertebrate  requirements, 
well  known  only  for  birds  and  mammals.  Insects  grow  well  in  the  absence  of 
these  vitamins.  Investigation  of  specific  functions  of  fat-soluble  vitamins,  such 
as  that  of  vitamin  A  in  visual  purple  synthesis,  of  vitamin  D  in  calcium- 
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phosphorus  utiHzation,  and  of  others  in  reproduction,  might  yield  evidence 
of  their  need  in  some  invertebrate  animals.  In  any  case,  these  substances  are 
associated  with  specialized  chemical  reactions  rather  than  with  the  general 
cellular  reactions  in  which  many  of  the  B  vitamins  participate. 

Several  evolutionary  trends  are  shown  in  nutrition.  First,  the  methods  of 
obtaining  carbon  and  nitrogen  from  inorganic  and  simple  organic  sources  for 
the  synthesis  of  protoplasm  evolved  early,  probably  among  flagellates,  and 
within  that  same  group  the  methods  of  synthesis  from  simple  sources  were 
lost  so  that  complex  organic  sources  of  carbon  and  nitrogen  are  needed  by  all 
other  groups  of  animals.  In  a  general  way  the  kind  of  carbon  source  is  related 
to  the  nitrogen  source,  and  heterotrophic  animals  (but  not  yeasts)  lack  the 
synthetic  enzymes  of  autotrophic  organisms.  The  total  caloric  requirements 
depend  on  levels  of  metabolism,  which  will  be  discussed  in  Chapter  8.  Second, 
there  are  many  substances,  amino  acids  and  coenzymes,  which  are  universal 
cellular  components,  which  can  be  synthesized  in  adequate  amounts  by  some 
unicellular  organisms  but  not  by  the  specialized  Protozoa.  Higher  animals  also 
are  often  unable  to  synthesize  sufficient  supplies  of  these  substances  and  de- 
pend on  food  or  symbiotic  microorganisms  for  them.  Finally,  with  increased 
chemical  specialization  there  appear  needs  for  particular  compounds  which 
are  not  universal  requirements.  The  best  examples  of  these  are  in  fat  metab- 
olism, in  the  deposition  of  skeletal  calcium,  and  in  production  of  blood  cells. 
The  fact  that  there  are  still  unknown  requirements  prevents  the  culture  in 
solution  of  various  animals,  such  as  intracellular  blood  parasites,  parasitic 
helminths,  planaria,  fish,  and  others,  which  have  so  far  been  cultured  only  on 
highly  organized  food,  such  as  that  found  in  mammalian  liver.  The  compara- 
tive approach  to  nutrition  can  be  expected  to  lead  to  the  discovery  of  many 
specialized  dietary  requirements  and  may  ultimately  provide  a  partial  descrip- 
tion of  the  sequence  of  enzyme  evolution.  Such  a  goal  will  be  attained  only 
when  the  cellular  functions  of  the  specific  required  compounds  are  known. 

REFERENCES 

1.  Adamstone,  F.  B.,  ;.  Morph.    52:47-89  (1931),  also  Arch.  Path.  31:  603-612, 
613-621  (1941).   Vitamin  E  deficiency  in  chicks. 

2.  Addis,  C.  J.,  and  Chandler,  A.  C,  /.  Parasitol.    30:229-236  (1944).    Vitamin 
requirements  of  tapeworms. 

3.  Almquist,  H.  J.,   Fed.  Proc.    1:269-273   (1942).    Amino  acid  requirements  of 
chickens. 

4.  Almquist,  H.  J.,  and  Grau,  C.  R.,  /.  Nutrit.   28:325-331  (1944).    Amino  acid 
requirements  of  chicks. 

5.  Almquist,  H.  J.,  and  MEccm,  E., /.  Bro/.  C^iem.    135:355-356(1940).   Amino 
acids  in  chicken  diet. 

6.  Bahrs,  a.  M.,  and  Wulzen,  R.,  Physiol.  Zool.    5:198-206  (1932).    Kidney  as 
food  for  planaria. 

7.  Barker,  H.  A.,  ].  Cell.  &  Comv.  Physiol.    7:73-93  (1935).    Metabolism  of  alga 
Prototheca. 

8.  Bergmann,  W.,  and  Low,  E.  M.,  /.  Org.  Chem.   12:67-75   (1947).     Sterols  in 
marine  molluscs. 

9.  Bergmann,  W.,  McLean,  M.  J.,  and  Lester,  D.,  /.  Org.  Chem.    8:271-282 
(1943).    Sterols  of  marine  invertebrates. 

10.  Bieri,  J.  R.,  Fed.  Proc.    8:184  (1949).    Conversion  of  carotene  to  vitamin  A  in 
rat. 

11.  Birch,  T.  W.,  ;.  Nutrit.    17:281-292(1939).   Nicotinic  acid  requirement  of  dog 
and  rat. 


Nutrition 


139 


12.  Blewett,  M.,  and  Frabnkel,  G.,  Proc.  Roy.  Soc.  Lond.,  B.    132:212-221  (1943). 
Symbionts  and  vitamin  [requirements  of  beetles. 

13.  Bowers,  R.  E.,  and  McKay,  C.  M.,  Science  92:291  (1940).     Cockroach  growth 
without  vitamin  A. 

14.  Brand,  T.  v.,  Ztschr.  vergl.  Physiol.    19:587-614  (1933).    Sugar  requirements  of 
trypanosomes. 

15.  Brown,  W.  R.,  Hanson,  A.  E.,  et  al.,  /.  Nutrit.    16:511-524  (1937).   Effect  of 
low-fat  diet  on  man. 

16.  Brues,  C.  T.,  Insect  Dietary  (1946).   Harvard  Univ.  Press.   466  p. 

17.  Burrows,  A.,  Protoplasma  31:20-26  (1938).    Nutrition  of  Chilomonas. 

18.  Cailleau,   R.,   Ann.   Inst.   Pasteur   59:137-181,   293-328    (1937).    Nutrition   of 
flagellates. 

19.  Chandler,  A.  C,  Am.  ].  Hyg.    37:121-130  (1943).    Nutrition  of  tapeworms. 

20.  CooPERMAN,  J.  M..  Elvehjem,  C.  a.,  et  al.,  Proc.  Soc.  Exper.  Biol.  &  Med 
61:  92-97  (1946).    Folic  acid  requirement,  monkey. 

21.  Cooperman,  J.  M.,  Waisman,  H.  A.,  and  Elvehjem,  C.  A.,  Proc.  Soc.  Exper. 
Biol.  &  Med.    52:250-254  (1943).    Vitamin  requirements  of  hamster. 

22.  Cooperman,  J.  M.,  Waisman,  H.  A.,  et.  al.,  /.  Nutrit.    30:45-57  (1945).    B 
vitamin  requirements  of  monkey. 

23.  Couch,  J.  R.,  Cravens,  W.  W.,  et  al.,  Anat.  Rec.    100:29-48  (1948).    Biotin 
deficiency  in  chicks. 

24.  Couch,  J.  R.,  Cravens,  W.  W.,  et  al.,  /.  Nutrit.   35:57-72  (1948).    Intestinal 
synthesis  of  biotin  in  fowl. 

25.  Couch,  J.  R.,  Cravens,  VV.  VV.,  et  al.,  Arch.  Biochem.    21:    77-86  (1949). 
Function  of  biotin  in  fowl. 

26.  CuMMiNGs,  H.  W.,  Anat.  Rec.  (suppl.)  84:499  (1942).    Vitamin  E  deficiency 
in  guppies. 

27.  Deane,  H.  W.  and  Shaw,  J.  H.,  /.  Nutrit.   34:1-15  (1947).  Response  of  adrenal 
cortex  to  B  vitamin  deficiencies. 

28.  Doyle,  W.,  Biol.  Rev.    18:119-136  (1943).   Nutritional  evolution,  Protozoa. 

29.  Dusi,  H.,  Ann.  Inst.  Pastexir  50:  550-597,  840-890  (1933).    Nutrition  of  euglen- 
oids. 

29a.  Elliot,  A.  M.,  Physiol.  Zool.     12:363-373    (1939).    Vitamin   B  complex  and 

growth  of  Colpidium. 
29b.  Elliot,  A.  M.,  Physiol.  Zool.    22:337-345  (1949).    Amino  acid  requirements  of 

Tetrahymena  geleii  (E). 

30.  Fraenkel,  C,  /.  Exper.  Biol.    17:18-29  (1940).    Utilization  of  sugars  by  blow- 
Hies. 

31.  Fraenkel,  C,  Fed.  Proc.    8:   382  (1949).    Unknown  vitamins  for  Tenebrio  and 
Tribolium. 

32.  Fraenkel,  B.,  and  Blewett,  M.,  Nature  150:  177  (1942),jbfd.  151:703  (1943). 
B  vitamin  requirements  of  insects. 

33.  Fraenkel,  C,  and  Blewett,  M.,  /.  Exper.  Biol.   20:28-34  (1943).    Basic  food 
requirements  of  several  Lepidopera  and  Coleoptera. 

34.  Fraenkel,  C,  and  Blewett,  M.,  Biochem.  ).    37:686-692  (1943).    B  vitamin 
requirements  of  several  insects. 

35.  Fraenkel,  C,  and  Blewett,  M.,  Biochem.  ].  37:692-695  (1943).  Sterol  require- 
ments of  several  insects. 

36.  Fraenkel,   C,   and   Blewett,   M.,   Nature    152:506    (1943).     Synthesis   of   B 
vitamins  by  symbionts  in  insects. 

37.  Fraenkel,  G.,  and  Blewett,  M.,  /.  Exper.  Biol.    20:28-34  (1943).    Basic  food 
requirements  of  flour-eating  insects. 

38.  Fraenkel,  G.,  and  Blewett,  M., /.  Exper.  Bio/.   22:156-161  (1946).   Nutrition 
of  clothes  moth. 

39.  Fraenkel,  G.,  and  Blewett,  M.,  /.  Exper.  Biol.   22:162-171  (1946).   Nutrition 
of  moth,  Ephestia. 

40.  Fraenkel,  G.,  and  Blewett,  M.,  /.  Exper.  Biol.   22:172-190  (1946).   Require- 
ments for  fat-soluble  substances  by  Ephestia. 

41.  Fraenkel,  G.,  and  Blewett,  xVI.,  Biochem.  J.    41:469-475  (1947).    Fohc  acid 
and  other  requirements  of  insects. 


140  Comparative  Animal  Physiology 

42.  Fraenkel,  G.,  and  Blewett,  M.,  Biochem.  ].   41:475-478  (1947).   Linoleic  acid 
in  nutrition  of  Ephestia  and  Tenebrio. 

43.  Fraenkel,  G.,  Blewett,  M.,  and  Coles,  M.,  Nature  161:981  (1948).   Vitamin 
Bxin  insect  nutrition. 

44.  Fraenkel,  G.,  Reid,  J.  A.,  and  Blewett,  M.,  Biochem.  }.    35:712-720  (1941). 
Sterol  requirements  of  larva  of  beetle  Dermestes. 

45.  Goldberg,  L.,  and  DeMeillon,  B.,   Biochem.  ).    43:372-379   (1948).    Lipoid 
requirements  of  Aedes  larvae. 

46.  Goldberg,  L.,  and  DeMeillon,  B.,  ;.  BioZ.  C^ew.   43:379-387(1948).   Protein 
and  amino  acid  requirements  of  Aedes  larvae. 

47.  Goldberg,  L.,  DeMeillon,  B.,  and  Lavoipierre,  M.,  /.  Exper.  Biol.    21:84-96 
(1945).    B  vitamin  requirements  of  Aedes  larvae. 

48.  Green,  R.  G.,  Carlson,  U.  E.,  and  Evans,  C  A.,  /.  Nutrit.  21:243-256  (1941). 
Anti-thiamine  action  of  fresh  fish  fed  to  foxes. 

49.  Hall,  R.  P.,  Quart.  Rev.  Biol.    14:1-12  (1939).   Synthetic  capacity  of  flagellates. 

50.  Hall,  R.  P.,  Physiol.  Zool.    17:200-209  (1944).    Effects  of  vitamins  on  ciliate, 
Glaucoma. 

51.  Hall,  R.  P.,  and  Loefer,  J.  B.,  Protoplasma  26:321-330   (1936).    Failure  of 
Chilomonas  to  grow  without  organic  nitrogen. 

52.  Handler,  P.,  Ztschr.  Vitaminforsch.    19:393-451   (1948).    Role  of  nicotinic  acid 
in  pellagra. 

53.  Harris,  L.  E.,  and  Mitchell,  H.  H.,  /.  Nutrit.   22:167-182  (1941).  Utilization 
of  urea  nitrogen  by  ruminants. 

54.  Haydek,  M.  H.,  and  Vivino,  A.  E.,  Arch.  Biochem.  2:201-207  (1943).   B  vitamin 
content  of  honey-bees. 

55.  HooG,   E.   G.   v.,   Ztschr.   Vitaminforsch.    4:300-324    (1935),    ibid.     5:118-126 
(1936).  Aseptic  culture  of  Drosophila. 

56.  Horowitz,  N.  H.,  Proc.  Nat.  Acad.  Sci.    31:153-157  (1945).    Evolution  of  bio- 
chemical synthesis. 

57.  Howes,  N.  H.,  Biochem.  ).    31:1489-1498  (1937).    Culture  of  Hehx. 

58.  HuTCHENS,  J.  O.,  ;.  Cell.  &  Camp.  Physiol.    16:265-267  (1941).   Need  of  Chilo- 
monas for  iron  and  thiamine. 

58a.  HuTCHENs,  J.  A.,  Jandorf,  B.  J.,  and  Hastings,  A.  B.,  /.  Biol.  Chem.    138:321- 
325  (1941).    Synthesis  of  nicotinic  acid  by  Chilomonas. 

59.  HuTNER,  S.  H.,  Provasoli,  L.,  et  al.,  Proc.  Soc.  Exper.  Biol.  &  Med.  70: 118-120 
(1949).   Need  of  Euglena  for  "anti-pernicious  anemia  factor." 

60.  Jahn,  T.  L.,  ArcJi.  Protisf.   86:251-262(1935).    Nutrition  of  Euglena  gracihs  on 
synthetic  medium. 

61.  Johnson,  B.  C,  Wiese,  A.  C,  et  al.,  /.  Biol.  Chem.    167:729-736   (1947). 
Growth  of  calves  without  nicotinic  acid. 

62.  Johnson,  W.  H.,  Quart.  Rev.  Biol.  16:336-348  (1941).  Nutrition  of  the  Protozoa. 

63.  Jukes,  T.  H.,  Stokstad,  E.  L.  R.,  and  Belt,  M.,  /.  Nutrit.    33:1-12  (1947). 
Vitamin  requirements  of  young  turkeys. 

64.  JuNGULiRA,  P.  B.,  and  Schweigert,  B.  S.,  ).  Biol.  Chem.    175:535-546  (1948). 
Synthesis  of  nicotinic  acid  by  rats. 

65.  Kidder,   G.   W.,   Arch.   Biochem.    9:51-55    (1946).     Folic   acid   requirement   of 
Tetrahymena. 

66.  Kidder,   G.   W.,   and   Dewey,    V.   C,    Growth    6:405-418    (1942).      Thiamine 
synthesis  by  microorganisms. 

67.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Biol.  Bull.    87:121-133  (1944).    Thiamine 
and  growth  of  Tetrahymena. 

68.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Arch.  Biochem.    6:425-432  (1945).    Amino 
acid  requirement  of  Tetrahymena. 

69.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Physiol.  Zool.    18:136-157  (1945).    Strain 
differences  in  nutrition  of  Tetrahymena. 

70.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Arch.  Biockem.  8:293-301(1945).  Properties 
of  unknown  factors  for  Tetrahymena. 

71.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Biol.  Bull.    89:229-241   (1945).    B  vitamin 
requirements  of  Tetrahymena. 


Nutrition  141 

72.  Kidder,  G.  W.,  and  Devvev,  V.  C,  Proc.  Nat.  Acad.  Sci.    33:347-356  (1947). 
Growth  responses  of  Tetrahvmena  to  amino  acids. 

73.  Kidder,  G.  W.,  and  Dewey,  V.  C.,  Proc.  Nat.  Acad.  Sci.    34:81-88   (1948). 
Utilization  of  homocystine  by  Tetrahymena. 

74.  Kidder,  G.  W.,  and  Dewey,  V.  C.,  Proc.  Nat.  Acad.  Sci.    34:566-574  (1948). 
Purines  and  pyrimidines  in  nutrition  of  Tetrahymena. 

75.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Arch.  Biochem.    20:433-443  (1949).    Com- 
ponents of  "factor  11"  for  Tetrahymena. 

76.  Kidder,  G.  W.,  and  Dewey,  V.  C.,  Arch.  Biochem.   21:58-65  (1949).    Pyridox- 
ine  nutrition  in  Tetrahymena. 

77.  Kidder,  G.  W.,  and  Dewey,  V.  C,  Arch.  Biochem.    21 :66-73  (1949).    B  vitamin 
requirements  of  Tetrahymena. 

78.  Krampitz,  L.  O.,  and  Wooley,  /.  Bioi.  Chem.    152:9-17  (1944).    Inactivation 
of  thiamine  by  fish  tissue. 

79.  Lardy,  H.  A.,  Potter,  R.  L.,  and  Elvehjem,  C.  A.,  /.  Biol.  Chem.    169:451-452 
(1947).    Function  of  biotin  in  bacterial  metabolism. 

80.  Lilly,  D.  M.,  Physiol.  Zool.   15: 146-167  (1942).  Nutrition  of  carnivorous  ciliates. 

81.  LoosLi,  J.  K.,  and  McCay,  C.  M.,  /.  Nutrit.   25:197-202  (1943).    Utilization  of 
urea  by  calves. 

82.  LwoFF,  A.,  Ann.  Inst.  Pasteur  61:580-617   (1938).    Growth  factors  for  micro- 
organisms. 

83.  LwoFF,  A.,  L'Evolution  Physiologique :   Etude  des  Pertes  de  Fonctions  chez  les 
Microorganismes  (1943).   Paris,  Hermann.   308  p. 

84.  LwoFF,  A.,  and  Dusi,  H.,  C.   R.  Acad.  Sci.    205:630-632,   756-758,   882-884 
(1937).    Vitamins  and  growth  of  Hagellates. 

85.  LwoFF,  A.,  and  Lwoff,  M.,  C.  R.  Soc.  Biol.  Paris  126:644-646  (1937).  Thiamine 
and  growth  of  Glaucoma. 

86.  Mackenzie,  C.  G.,  MacKenzie,  J.   B.,  and  McCollum,  E.  V.,  Biochem.  ]. 
33:935-943  (1939).   Growth  of  rats  on  low  fat  diet. 

87.  Martin,  G.  ].,].  Nutrit.    17:127-141(1938).    Linoleic  acid  requirement  of  rats. 

88.  Mast,   S.  O.,   and   Pace,   D.  M.,   Protoplasma   20:326-358   (1933).    Growth   of 
Chilomonas  on  simple  synthetic  medium. 

89.  Mast,  S.  O.,  and  Pace,  D.  M.,  Protoplasma  23:297-325  (1936).    Role  of  sulfur 
in  protoplasmic  synthesis  by  Chilomonas. 

90.  Mast,  S.  O.,  and  Pace,  D.  M.,  /.  Cell.  &  Comp.  Physiol.    10:1-13  (1937).  Effect 
of  silicon  on  growth  of  Chilomonas. 

91.  McCall,  K.  B.,  Waisman,  FI.  A.,  et  al.,  ].  Nutrit.    31:685-697  (1946).    Pyri- 
doxine  and  pantothenic  acid  deficiency  in  monkey. 

92.  McCay,  C.  M.,  Physiol.  Zool.    11:89-103  (1938).    Nutrition  of  roach,  Blatella. 

93.  McCay,  C.  M.,  Tunison,  A.,  et  al.,  Tr.  Am.  Fish.  Soc.    61:58-79   (1931). 
Nutritional  requirements  of  trout. 

94.  McElroy,  L.  W.,  and  Goss,  H.,  /.  Biol.  Chem.    130:437-438  (1939).   Synthesis 
of  B  vitamins  in  sheep  rumen. 

95.  McElroy,  L.  W.,  and  Goss,  H.,  ;.  Nutrit.   20:   527-540,  541-550  (1940).   Vita- 
min synthesis  in  rumen  of  sheep  and  cows. 

96.  McLaren,  B.  A.,  Herman,  E.  F.,  and  Elvehjem,  C.  A.,  Arch.  Biochem.  10:433- 
441   (1946).    Growth  requirements  of  trout. 

97.  Moore,   W.,   Ann.   Ent.  Soc.  Amer.    39:513-521    (1946).    Nutrition   of  carpet 
beetle,  Attagenus. 

98.  Morton,  R.  A.,  and  Creed,  R.  H.,  Biochem.  ).   33:318-324  (1939).   Conversion 
of  carotene  to  vitamin  A-j  by  fresh-water  fish. 

99.  Needham,  J.,  BioL  Rev.    13:225-251(1938).    Evolutionary  factors  of  nutrition. 

100.  Neilands,  J.  B.,  Arch.  Biochem.    13:415-419  (1947).    Conversion  of  carotene  to 
vitamin  A  in  cod  and  lobster. 

101.  NoLAND,  J.  L.,  and  Baumann,  C  A.,  Proc.  Soc.  Exper.  Biol.  &  Med.   70:198-201 
(1949).  Choline  requirements  of  cockroach. 

102.  NoLAND,  J.  L.,  and  Baumann,  C.  A.,  Fed.  Proc.    8:   237  (1949).    Synthesis  of 
tryptophane  and  methionine  by  cockroach. 

103.  Olcese,  O.,  Pearson,  P.  B.,  and  Schweigert,   B.  S.,  ).  Nutrit.    35:577-590 
(1948).   Synthesis  of  B  vitamins  in  rabbits. 


J 42  Comparative  Animal  Physiology 

104.  Oparin,  a.  L,  The  Origin  of  Life  (1938),  transl.  by  S.  Morgulis.  New  York, 
Macmillan.  270  p. 

105.  Pace,  D.  M.,  Exper.  Med.  &  Surg.  5:236-250  (1947).  Effects  of  vitamins  on 
growth  of  Chilomonas. 

106.  Patels,  a.  J.,  Post,  J.,  and  Victor,  I.,  Am.  ].  Physiol.  133:47-55  (1941). 
Riboflavin  deficiency  in  pig. 

107.  Payne,  N.  M.,  Ent.  News  43:13-15  (1931).   Factors  for  pupation  in  bark  beetles. 

108.  Pearson,  P.  B.,  and  Burgin,  C.  J.,  Proc.  Soc.  Exper.  Biol.  &  Med.  48:415-417 
(1941).   Pantothenic  acid  content  of  bee  royal  jelly. 

109  Phillips,  A.  M.,  Tr.  Am.  Fish.  Soc.  76:34-45  (1946).  B  vitamin  requirements 
of  trout.  Also:  Phillips,  A.  M.,  and  Tunnison,  A.  V.  Ibid.  74:81-87,  1947. 

110.  Pratt,  E.  M.,  Anat.  Rec.  (suppl.)  75:148  (1939).  Vitamin  E  deficiency  in 
tadpoles. 

111.  Pringsheim,  E.  G.,  Biol.  Rev.  16:191-204  (1941).  Evolution  and  nutritional 
interrelations  among  flagellates. 

112.  Provasoli,  L.,  fiuTNER,  S.,  and  Schatz,  A.,  Proc.  Soc.  Exper.  Biol.  &  Med. 
69:279-282  (1948).  Streptomycin-induced  chlorophyll-less  races  of  Euglena 
gracilis. 

113.  RicKEs,  E.  L.,  Brink,  N.  G.,  et.  al..  Science  108:134  (1948).  B..,  a  cobalt 
complex. 

114.  Rose,  VJ.  C,  Physiol.  Rev.    18:100-136(1938).   Amino  acid  requirements  in  rat. 

115.  Rose,  W.  C.,  Fed.  Proc.    8:546-552  (1949).    Amino  acid  requirements,  man. 

116.  Rose,  W.  C,  and  Rice,  E.  E.,  Science  90:186-187  (1939).  Amino  acid  require- 
ments, dog. 

117.  Russell,  W.  C.,  Taylor,  M.  W.,  and  Polskin,  L.  J.,  1.  Niitrit.  19:555-562 
(1940).   Fat  requirements,  growing  chick. 

118.  Schaeffer,  a.  E.,  Whitehair,  C.  K.,  and  Elvehjem,  C.  A.,  Proc.  Soc.  Exper. 
Biol.  &  Med.    62:169-174  (1946).    Vitamin  needs  of  mink. 

119.  Schaefer,  a.  E.,  Whitehair,  C.  K.,  and  Elvehjem,  C.  A.,  /.  Nutrit.  34:131-139 
(1947).   B  vitamin  in  nutrition  of  foxes. 

120.  Schaefer,  A.  E.,  Whitehair,  C.  K.,  and  Elvehjem,  C.  A.,  ArcJi.  Biochem. 
12:349-357  (1947).    Purified  ration,  folic  acid  requirement,  fox. 

121.  Scheer,  B.  T.,  Comparative  Physiology  (1948).  New  York,  Wiley,  pp.  57-74, 
Protozoa;  pp.  311-314,  insects;  pp.  362-367,  vertebrates. 

122.  ScHOENRORN,  H.  W.,  Ami.  N.  Y.  Acad.  Sci.  40:1-30  (1940).  Use  of  inorganic 
nitrogen  by  Astasia. 

123.  ScHOENBORN,  H.  V.,  Physiol.  Zool.  15:325-332  (1942).  Nutrition  of  Euglena 
gracilis  in  dark. 

124.  ScHULTz,  J.,  St.  Laurence,  P.,  and  Newmeyer,  D.,  Anat.  Rec.  96:540  (1946). 
Basic  diet  for  Drosophila. 

125.  ScHWEiGERT,  B.  S.,  McIntire,  J.  M.,  ET  AL.,  Arch.  Biochem.  6:403-410  (1945). 
Synthesis  of  B  vitamins  in  rat. 

126.  Sexton,  E.  L.,  Mehl,  J.  W.,  and  Deuel,  H.  J.,  ].  Nutrit.  31:299-319  (1946). 
Locus  of  conversion  of  carotene  to  vitamin  A  in  rat. 

127.  Sherman,  H.  C.,  The  Chemistry  of  Food  and  Nutrition  (1946).  New  York, 
Macmillan.  675  p. 

127a.  Shive,  A.,  Ravel,  J.  M.,  and  Eakin,  R.  E.,  /.  Am.  Chem.  Soc.  70:2614-2615 
(1948).    Function  of  vitamin  B12  in  certain  bacteria. 

128.  Smyth,  J.  D.,  /.  Exper.  Biol.   23:47-70  (1946).   In  vitro  culture  of  tapeworms. 

129.  Smyth,  J.  D.,  Biol.  Rev.  22:214-238  (1947).  Maintenance  of  tapeworms  outside 
host. 

130.  Snyderman,  S.  E.,  Ketron,  K.  C,  et  al.,  Proc.  Soc.  Exper.  Biol.  &  Med.  70: 
569-571  (1949).   Nicotinic  acid  synthesis  in  man. 

131.  Spitzer,  E.  H.,  Coombes,  A.  I.,  et.  al.,  Proc.  Soc.  Exper.  Biol.  &  Med.  48:376- 
379  (1941).     Thiamine  deficiency  in  foxes  and  chickens  on  fish  diet. 

132.  Spitzer,  R.  R.,  Maruyama,  G.,  et  al.,  ).  Nutrit.  35:185-193  (1948).  Role  of 
vitamin  D  in  utilization  of  phytin  phosphorus. 

133.  Stokstad,  E.  L.  R.,  Hoffman,  C.  E.,  et  al..  Arch.  Biochem.  20:75-82  (1949). 
Protogen  as  essential  factor  for  Tetrahymena. 


Nutrition  143 

134.  SuBBAROw,  Y.,  and  Tracer,  W.,  /.  Gen.   Physiol.    23:561-568   (1940).    Pan- 
tothenic acid  and  pyridoxine  requirements  of  mosquito  larvae. 

135.  Tatum,  E.  L.,  Proc.  Nat.  Acad.  Sci.    25:490-497  (1939).    Nutritional  require- 
ments of  Drosophila. 

136.  Tatum,  E.  L.,  Proc.  Nat.  Acad.  Sci.     25:490-497  (1939).     B  vitamin  require- 
ments of  Drosophila. 

137.  Tatum,  E.  L.,  Garnjobst,  L.,  and  Taylor,  C.  V.,  /.  Cell.  Gr  Comp.  Physiol. 
20:211-224  (1942).    Vitamin  requirements,  ciliate  Colpoda. 

138.  Tracer,  W.,  Physiol.  Rev.   21:1-35  (1941).   Nutrition  of  Invertebrates. 

139.  Tracer,  W.,  /.  Parasitol.    33:345-350  (1947).    Culture  of  malaria  parasite,  Plas- 
modium, in  vitro. 

140.  Tracer,  W.,  Biol.  Rev.   22:148-177  (1947).   Insect  nutrition. 

141.  Tracer,  W.,  /.  Biol.  Chem.    176:1211-1223   (1948).    Biotin  and  nutrition -of 
mosquito  larvae. 

142.  Tracer,  W.,  and  Subbarow,  Y.,  Biol.  Bull.    75:75-84  (1938).    Riboflavin  and 
thiamine  in  nutrition  of  mosquito  larvae. 

143.  ViLLEE,  C.  A.,  and  Bissell,  H.  B.,  /.  Biol.  Chem.    172:59-66  (1948).    Nucleic 
acid  requirement  in  Drosophila. 

144.  Vogel,    B.,    Ztschr.   vergl.    Physiol.     14:273-347    (1931).     Sugar    utilization   by 
honeybee. 

145.  Weir,  D.  R.,  Heinle,  R.  W.,  and  Welch,  A.  D.,  Proc.  Soc.  Exper.  Biol.  &  Med. 
69:211-215  (1948).    Folic  acid  deficiency,  mice. 

146.  WiESE,  A.  C,  Johnson,  B.  C,  et  al.,  /.  Nutrit.   33:263-270  (1947).   Riboflavin 
deficiency  in  calves. 

147.  Williamson,  J.  W.,  Physiol.  Zool.    17:209-228  (1944).    Nutrition  of  amoeba. 

148.  Woodbury,  L.  A.,  Tr.  Am.  Fish.  Soc.    72:   30-34  (1943).    Thiamine  deficiency, 
rainbow  trout. 

149.  WooLLEY,   D.   W.,  /.   Nutrit.    28:305-314   (1944).    Nutritional   significance   of 
inositol. 

150.  WooLLEY,  D.  W.,  and  Springe,  H.,  /.  Biol.  Chem.    153:687-688  (1944).    Folic 
acid  requirement  for  guinea  pig. 

151.  WuLZEN,  R.,  Univ.  Calif.  Piibl.  Physiol.   5:175-187  (1923),  ihid.  7:  1-7  (1926). 
Feeding  Planaria. 

152.  WuLZEN,  R.,  and  Bahrs,  A.  M.,  Physiol.  Zool.    4:204-213   (1931).    Balanced 
diet  for  Planaria. 

153.  WuLZEN,  R.,  and  Bahrs,  A.,  Physiol.  Zool.    8:457-473  (1935),  ihid.  9:508-529 
(1936).   Dietary  factors  making  guinea  pig  tissue  suitable  for  Planaria. 

154.  WuLZEN,  R.,  and  Bahrs,  A.  M.,  Am.  ].  Physiol.    133:500  (1941).  Effect  of  milk 
diet  on  guinea  pig. 


CHAPTER  6 


Feeding  and  Digestion 


FEEDING  MECHANISMS 


T 

■  N  THE  ANIMAL  KINGDOM  as  3  wholc  there  have  evolved  mechanisms 
I  enabUng  various  animals  to  deal  with  almost  every  conceivable 
m  __  source  of  food  materials.  For  the  most  part  there  is  no  correlation 
between  the  types  of  food  materials  utilized  and  the  major  groups  in  the 
natural  scheme  of  classification.  Practically  all  of  the  major  divisions  in  the 
animal  kingdom  have  species  feeding  on  a  wide  variety  of  foods  and  using 
correspondingly  diversified  feeding  mechanisms.  The  nature  of  feeding 
mechanisms  appears  to  have  been  determined  largely  by  the  habitat  and  the 
food  materials  available  to  a  particular  organism.  The  form  and  function  of 
the  digestive  tract,  as  well,  are  in  most  cases  definitely  correlated  with  the 
types  of  food  used  and  the  feeding  mechanisms. 

Soluble  Food.  All  natural  waters  have  organic  material  dissolved  in  them 
in  concentrations  of  the  general  order  of  magnitude  of  10  mg.  per  liter,  the 
amounts  being  greater  in  regions  of  much  organic  detritus.  There  are  proteins, 
some  carbohydrates  which  are  principally  pentosans,  some  amino  acids  and 
fatty  acids,  all  of  which  have  arisen  from  dead  organisms  or  as  waste  products 
of  living  ones.  Piitter  ^'^  was  the  first  to  consider  the  significance  of  these 
dissolved  substances  as  food  for  animals.  He  believed  that  he  demonstrated 
them  to  be  important  as  food,  but  this  conclusion  was  seriously  questioned  by 
many  later  investigators.  The  subject  has  been  ably  reviewed  by  Krogh.-^'^ 
Only  a  few  free-living  animals,  particularly  the  protozoans  and  possibly 
sponges,  appear  capable  of  relying  in  nature  on  simple  dissolved  substances 
such  as  amino  acids,  sugar,  and  fatty  acids  as  an  important  portion  of  their 
food  supply.  In  the  protozoans  the  substances  appear  to  be  absorbed  directly 
through  the  cell  membrane;  in  the  sponges  the  feeding  cells  or  choanocytes 
are  probably  responsible  for  uptake  of  the  dissolved  foods.  Direct  absorption 
of  simple  foodstuffs  must  be  the  principal  "feeding  mechanism"  in  helminth 
parasites,  such  as  restodes  and  acanthocephalans,  which  possess  no  digestive 
tract,  and  in  parasitic  protozoans.  Where  simple  compounds  in  solution  are 
an  important  food  source  there  must  usually  be  mechanisms  for  active  trans- 
port across  cell  membranes  since  the  materials  are  carried  from  a  low  to  a 
higher  concentration.  The  utilization  of  complex  dissolved  foodstuffs  such 
as  proteins  and  polysaccharides  probably  requires  digestion  either  in  food 
vacuoles  or  in  a  functional  digestive  tract. 

There  is  some  evidence  that  higher  animals,  such  as  lamellibranch  molluscs, 
and  even  fishes  and  frog  tadpoles,  are  able  to  absorb  and  utilize  dissolved 
nutrients  from  their  aqueous  environment  when  these  substances  are  present 
in  rather  high  concentrations.  However,  even  when  high  concentrations  are 
present  the  amounts  absorbed  are  insufficient  for  normal  metabolic  require- 
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ments.  There  is  good  evidence  that  in  these  higher  animals  the  absorption 
occurs  by  way  of  the  gut,  into  which  the  material  must  first  pass.  It  has  been 
generally  held  that  fresh-water  fishes  and  amphibians  do  not  drink  significant 
quantities  of  water,  but  the  ability  of  these  animals  to  absorb  dissolved  sub- 
stances by  way  of  the  gut  renders  this  questionable,  as  do  recent  observations 
on  the  concentration  of  colloidal  material  in  the  digestive  tract  of  the  gold- 
fish. 2 

Particulate  Food.  For  the  vast  majority  of  animals,  other  organisms  and 
particulate  organic  detritus  constitute  the  principal  sources  of  food.  The  best 
classification  of  the  innumerable  mechanisms  used  by  animals  in  dealing  with 
such  foods  is  that  of  Yonge,  ^'^'  who  separates  feeding  mechanisms  into  three 
large  categories:  (1)  mechanisms  for  dealing  with  small  particles;  (2)  mech- 
anisms for  dealing  with  large  particles  or  masses;  (3)  mechanisms  for  taking 
in  fluids  or  soft  tissues. 

Mechmtisnis  for  Dealing  with  Small  Particles.  Such  mechanisms  are  found 
only  in  aquatic  species;  most  multicellular  animals  possessing  these  mechanisms 
are  sessile  or  quite  sluggish.  A  viscous  secretion  is  usually  produced,  and  in 
this  the  particles  are  trapped  prior  to  ingestion.  Yonge  subdivides  these  mech- 
anisms into  six  groups: 

PSEUDOPODIAL.  Thcsc  are  exemplified  by  the  reticulate  pseudopodia  of  the 
radiolarians  and  foraminiferans,  upon  which  particles  are  caught  and  swept 
inward  toward  the  main  portion  of  the  body  for  ingestion. 

CILIARY.  These  are  very  widespread  among  animals.  Special  patterns  of 
distribution  and  activity  of  cilia  are  virtually  as  numerous  as  the  number  of 
species  which  possess  such  mechanisms.  Generally  speaking,  feeding  currents 
are  produced  which  bring  large  volumes  of  the  medium  into  close  association 
with  the  feeding  parts;  the  food  particles  are  carried  along  definite  tracts  where 
they  are  entangled  in  a  secreted  viscid  material  and  finally  are  carried  into 
the  mouth.  Most  fine-particle  feeders  appear  to  show  fittle  or  no  chemical  but 
only  mechanical  selection  of  food  particles,  accepting  or  eliminating  the  par- 
ticles on  the  basis  of  size;  ciliate  Protozoa  may  show  chemical  selection.  Cihary 
mechanisms  for  fine-particle  feeding  are  found  among  the  ciliate  protozoans, 
sponges,  many  tubicolous  annelids,  echiuroids,  rotifers,  entoprocts,  ectoprocts, 
phoronids,  brachiopods,  some  gastropods,  most  lamellibranchs,  and  many 
tunicates  and  cephalochords.  In  some  of  these  the  mucous  filter  is  not  used. 

TENTACULAR.  Somc  holothuroids  possess  tentacles  about  the  mouth  on 
which  small  particles  fall  and  then  become  entrapped  in  mucus.  The  tentacles 
are  then  pushed  into  the  mouth  and  the  material  removed. 

MUCOID.  The  sessile  gastropod  Vermetus  extrudes  from  its  mouth  a  film  of 
mucus  which  is  retracted  at  intervals,  bringing  into  the  mouth  the  particles 
entrapped  upon  it. 

MUSCULAR.  The  scyphozoan  jellyfish  has,  instead  of  a  single  mouth, 
numerous  fine  pores  leading  to  the  coelenteron.  Particle-laden  water  is  drawn 
in  and  the  water  is  expelled  by  rhythmic  muscular  contractions  of  the  bell. 
The  particles  are  filtered  out  in  the  digestive  cavity.  The  polychaete  Chaetop- 
terus  and  the  echiuroid  Urechis  secrete  mucous  bags  which  filter  out  food 
particles  and  are  eventually  swallowed.  Currents  which  fill  the  bags  are  set 
up  by  parapodial  movement  in  Chaetopterus  and  by  body  peristalsis  in 
Urechis.  ^^^     By  comparing  the  filtration  of  different  proteins  MacGinitie 
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estimated  the  pores  of  the  sacs  of  Chaetopterus  to  be  about  40A  in  diameter. 
Certain  vertebrates,  such  as  the  baleen  whale,  many  fishes,  and  even  a  few 
birds  which  capture  insects  on  the  wing,  may  be  considered  filter  feeders,  in 
which  locomotor  and  sometimes  pharyngeal  muscular  activity  serves  as  the 
force  involved  in  filtration. 

SETOSE.  This  type  of  mechanism  is  characteristic  of  numerous  aquatic 
crustaceans  such  as  Daphnia,  copepods,  cirripedes,  ostracods,  and  larvae  of 
certain  insects  such  as  mosquitoes  and  mayflies.  Movements  of  certain  ap- 
pendages with  their  fringes  of  setae  sweep  particle-laden  water  into  certain 
areas  among  the  appendages  where  setae  strain  out  the  particulate  matter. 
The  particles  are  then  bound  into  larger  masses  by  a  viscid  secretion  and 
carried  to  the  mouth. 

Mechanisms  for  Dealing  with  Large  Particles  or  Masses.  Mechanisms  of 
this  type  are  subdivided  by  Yonge  into  three  groups: 

FOR  SWALLOWING  INACTIVE  FOOD.  Organisms  possessing  mechanisms  for 
swallowing  inactive  food,  such  as  mud,  are  typically  burrowing  forms,  rather 
sluggish  in  habit.  Included  in  this  category  are  certain  holothuroids  which  use 
their  tentacles  to  force  mud  into  their  digestive  tracts.  Annehds  such  as 
Lwnbricus  and  Arenicola  possess  eversible  pharynges  for  this  purpose;  echino- 
derms  such  as  spatangids  use  their  tube  feet;  and  burrowing  crustaceans  such 
as  Upogehia  and  Callianassa  use  their  mouthparts.  The  organic  content  of  the 
mud  is  utilized,  and  the  residue  is  ejected  in  the  feces. 

FOR  SCRAPING  AND  BORING.  Thcsc  mcchanisms  are  found  in  animals  char- 
acterized by  more  or  less  continuous  feeding.  They  usually  have  organs  for 
attachment  to  permit  the  special  apparatus  for  scraping  or  boring  to  be  used 
effectively.  Examples  of  this  type  of  mechanism  are  the  Aristotle's  lanterns  of 
echinoids,  the  radular  apparatus  of  many  molluscs,  the  special  boring  valves  of 
Teredo,  and  the  heavy  mouthparts  of  termites. 

FOR  SEIZING  PREY.  Mcchanisms  for  seizing  prey  are  further  subdivided  by 
Yonge  into  three  groups:  (1)  For  seizing  only.  These  would  include  the 
pseudopodia  of  amoebae,  the  impaling  proboscis  of  Didinium,  nematocysts  of 
coelenterate  tentacles,  lasso-cells  of  ctenophore  tentacles,  the  turbellarian 
pharynx,  the  jawed  pharynges  of  many  polychaetes,  the  chitinous  hooks  of 
chaetognaths,  the  teeth  and  radula  of  some  gastropods,  and  the  suction  mech- 
anism of  feeding  of  septibranchs.  (2)  For  seizing  and  masticating.  Examples 
of  these  are  the  jaws  and  radulae  of  many  molluscs;  the  jaws  and  other  mouth- 
parts of  crustaceans,  insects,  arachnids,  and  myriapods;  and  the  toothed  jaws  of 
vertebrates. 

In  the  jawed  vertebrates  or  gnathostomes  the  anterior  teeth  often  bite  or 
gnaw,  and  posterior  teeth  masticate;  however,  there  is  much  variety,  ranging 
from  amphibians  and  billed  birds  which  chew  very  little,  to  the  ungulates 
with  heavy  chewing  molars. 

(3)  For  seizing  followed  by  external  digestion.  This  type  is  illustrated  by 
the  sarcodinian,  Vampyrella,  which  digests  a  hole  through  the  walls  of  the 
algae  on  which  it  feeds;  by  Asterias,  whose  everted  stomach  kills  and  digests 
its  prey;  by  many  carnivorous  gastropods;  by  Sepia;  and  by  many  insects  such 
as  Dytiscus  larvae. 

Mechanisms  for  Taking  in  Fluids  and  Soft  Tissues.  Such  mechanisms 
usually  include  a  pumping  muscular  pharynx.  There  may  be  chitinous  jaws  or 
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stylets  tor  piercing.  If  blood  is  the  material  ingested  as  food,  the  presence  of  an 
anticoagulant  is  not  uncommon.  Yonge  further  subdivides  this  class  into  three 
groups: 

FOR  PIERCING  AND  SUCKING.  Included  in  this  group  are  the  sucking  mech- 
anisms of  hookworms,  leeches,  parasitic  copepods,  tardigiades,  pycnogonids, 
many  Diptera,  mites,  and  ticks,  and  many  cyclostomes. 

FOR  SUCKING  ONLY.  Examples  of  this  category  are  the  feeding  mechanisms 
of  the  suctorians,  trematodes,  most  nematodes,  lepidopterans,  Muscidae,  pen- 
tastomids,  and  suckHng  mammals. 

FOR   ABSORPTION  THROUGH  THE  GENERAL   BODY    SURFACE.     This   mechanism 

was  discussed  earlier  (see  p.  144).  Species  possessing  this  means  of  feeding 
have  no  digestive  organs  or  mechanisms  and  depend  wholly  on  absorption  of 
nutritive  materials  from  their  surroundings.  Many  parasites  are  included  in 
this  category. 

MECHANICAL  FACTORS  IN  DIGESTION 

The  digestive  tracts  in  animals,  like  the  feeding  mechanisms,  show  striking 
adaptations  to  the  character  of  the  foods  and  the  feeding  habits  of  the  organ- 
ism. The  general  problem  of  the  evolution  and  adaptation  of  the  digestive 
systems  of  animals  has  been  ably  discussed  by  Yonge.  ^''^  The  digestive  tract 
in  several  animals  is  diagrammatically  shown  in  Figure  29.  Yonge  divides  the 
tract  into  five  functional  regions. 

Functional  Regions  of  Alimentary  Tract.  Reception.  This  includes  the 
mouth  and  mouth  cavity.  This  region,  except  in  fine-particle  feeders,  usually 
possesses  glands  which  have  received  various  names,  largely  depending  on 
their  particular  position,  such  as  labial,  buccal,  or  sublingual.  These  glands 
are  primarily  lubricating,  although  special  functions  have  been  secondarily 
assumed  by  them.  These  glands  in  many  blood-sucking  species,  such  as 
leeches,  ticks,  and  some  insects,  are  the  sources  of  anticoagulants.  Many  insects 
and  the  snail  Helix  secrete  carbohydrases  from  such  glands.  Some  snails  pro- 
duce acid  which  is  used  in  dissolution  of  food.  Some  nematodes  and  carnivor- 
ous gastropods  produce  proteases  in  the  oral  glands.  Toxins  for  the  paralysis 
or  killing  of  prey  are  found  in  a  wide  range  of  species  from  many  groups. 

Conduction  and  Storage.  Following  the  region  of  reception  is  one  of  con- 
duction and  storage.  This  includes  the  esophagus  and  crop  of  many  species. 
The  crops  of  leeches,  of  some  insects,  and  of  herbivorous  birds  are  simply 
dilatations  of  the  esophageal  region.  Digestive  glands  may  be  present  in  this 
region,  or  digestive  enzymes  may  be  regurgitated  from  more  distal  regions. 

Digestion  and  Internal  Trituration.  The  third  general  region  is  for  diges- 
tion and  internal  trituration.  In  this  region  one  often  finds  the  differentiation 
of  gizzards  or  gastric  mills.  Such  special  grinding  mechanisms  are  seen  in 
rotifers,  some  clams,  certain  annelids,  crustaceans,  some  insects  such  as  the 
cockroach  (Fig.  29,  A),  and  birds.  It  is  not  uncommon  to  find  associated  with 
the  grinding  mechanism  a  filtering  mechanism  which  maintains  the  food  par- 
ticles in  the  region  of  the  triturating  mechanism  until  they  have  been  reduced 
to  a  particular  degree  of  fineness,  as  in  the  crayfish.  In  this  region  also  the 
greater  portion  of  the  digestive  enzymes  are  liberated  and  the  lining  may  be 
rich  in  unicellular  glands,  distributed  uniformly  through  the  region  or  dis- 
tributed in  a  characteristic  pattern.  This  region  also  often  possesses  conspicu- 


148 


Comparative  Animal  Physiology 


ous  diverticula,  the  functions  of  which  vary  greatly.  They  may  simply  increase 
surface  for  intracellular  digestion,  as  in  most  clams,  brachiopods,  and  starfish. 
In  arachnids  and  many  snails  they  function  in  both  intracellular  and  extra- 
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Fig.  29.  Diagrammatic  representation  of  digestive  tract  in  various  animals:  A,  in  clam, 
Mya;  B,  in  cockroach,  Periplaneta;  C,  in  lake  trout,  Triitta  lacastris;  D,  in  Fundidus,  a 
stomachless  fish.  (Modified  drawings:  A  from  Yonge,''*'  B  from  Schlottke/™  C  and  D 
from  Vonk."') 


cellular  digestion.  In  crustaceans  such  as  crayfish  they  liberate  digestive 
enzymes  and  are  also  areas  of  active  absorption.  Finally,  in  such  animals  as 
the  cephalopods  and  the  chordates,  the  diverticula  are  concerned  almost 
exclusively  with  secretion. 
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Absorption.  The  fourth  region  is  one  of  absorption.  This  region  usually 
overlaps  the  preceding  one,  and  in  many  animals,  such  as  the  clams,  starfishes, 
and  crustaceans,  it  is  indistinguishable  from  the  region  of  storage  and  internal 
trituration.  In  the  majority  of  species,  including  the  sea  urchins,  sea  cucum- 
bers, insects,  annelids,  and  vertebrates,  the  region  of  absorption  is  more  or  less 
distinct. 

Conduction  and  Feces  Formation.  The  fifth  and  final  region  is  one  of  con- 
duction and  of  formation  of  feces.  This  region  is  very  conspicuous  in  such 
animals  as  the  terrestrial  insects  and  vertebrates,  in  which  an  important  func- 
tion is  the  absorption  of  water  from  the  fecal  material,  as  in  the  insect  hind- 
gut  and  the  vertebrate  colon.  The  whole  intestine  of  crustaceans  and  of  most 
molluscs  comprises  this  region. 

Movement  of  Food  Mass.  Food  material  is  propelled  along  the  digestive 
tract  at  a  rate  which  permits  effective  digestion  and  absorption  of  the  utilizable 
constituents  of  the  food.  This  propulsion  is  by  one  or  both  of  two  methods: 
(1)  ciliary  activity,  and  (2)  muscular  activity.  Ciliary  activity  appears  to  be 
the  exclusive  means  of  movement  through  the  digestive  tract  in  such  organisms 
as  the  ectoprocts,  entoprocts,  and  pelecypod  molluscs.  Muscular  activity  is 
involved  to  a  greater  or  less  extent  in  food  propulsion  in  other  animals.  Some- 
times movement  of  somatic  musculature  associated  with  locomotion  serves  as 
an  effective  force  in  the  propulsion,  supplementing  the  action  of  poorly 
developed  visceral  musculature,  for  example  in  worms  and  holothurians.  Well 
developed  visceral  musculature  operates  effectively  by  itself  in  arthropods, 
vertebrates,  and  probably  cephalopods.  In  addition  to  propulsion  the  muscular 
activity  serves  to  triturate  further  and  to  mix  the  food  with  digestive  fluids. 
There  may  be  peristaltic  waves,  standing  waves,  and  pendular  movement.  The 
action  of  emulsifying  agents  on  fats  is  aided  by  the  mechanical  action  of  the 
digestive  organs. 

The  coordination  of  the  mechanical  activity  of  the  digestive  tract  has  been 
studied  significantly  only  in  the  vertebrates,  in  which  both  endocrine  and 
nervous  factors  operate.  Epinephrine  inhibits  gastrointestinal  activity,  whereas 
acetylcholine  increases  intestinal  motility,  antagonized  by  atropine.  Sym- 
pathetic nerves  increase  and  parasympathetic  nerves  decrease  motility  of  the 
gut  (see  Chapter  16). 

The  time  of  retention  of  food  in  the  digestive  tract  is  inversely  related  to 
the  efficiency  of  the  digestive  processes.  The  rate  of  movement  of  food  is 
dependent  on  temperature  in  a  fashion  parallel  to  the  effect  of  temperature 
on  the  digestive  reactions.  A  blood  meal  may  be  retained  by  a  leech  for  several 
months.  "'^  One  blood  meal  lasts  the  bug  Rhodnius  for  one  instar,  whereas 
food  passes  rapidly  through  caterpillars  and  grasshoppers.  In  fish  several  days 
may  be.required  for  digestion  (three  days  in  dogfish^*^*^).  In  warm-blooded 
animals  digestion  is  more  rapid.  About  70  per  cent  of  an  indigestible  meal  is 
passed  in  feces  in  24  hours  in  a  rabbit,  in  72  hours  in  man,  in  18  to  20  hours  in 
a  chicken.  ^^  Food  remains  in  the  human  stomach  3  to  4V2  hours,  carbohy- 
drates remaining  a  shorter  time  than  proteins;  in  cattle,  food  remains  in  the 
rumen  an  average  of  61  hours,  in  the  omasum  8  hours,  and  in  the  abomasum 
3  hours.  ^'^  A  delicate  balance  exists  between  the  kind  of  food,  the  rate  of 
digestion,  and  the  rate  of  propulsion  along  the  digestive  tract;  part  of  the 
regulation  may  be  local  and  much  of  it  reflex  in  nature. 
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SITE  OF  DIGESTION:  INTRACELLULAR  OR  EXTRACELLULAR 

In  evolution,  digestion  inside  the  cells  which  use  the  food  products  metab- 
olically  preceded  extracellular  digestion.  In  most  animals  there  is  both  intra- 
cellular and  extracellular  digestion,  but  certain  animals  have  specialized  in 

one  or  the  other. 

Unicellular  organisms  show  much  variation  in  the  site  of  action  of  digestive 
enzymes.  Autotrophic  organisms  (some  bacteria,  yeasts,  and  flagellates)  absorb 
only  simple  organic  molecules,  building  them  into  complex  ones.  Some  bac- 
teria secrete  digestive  enzymes,  such  as  proteases  which  liquefy  gelatin,  absorb 
the  products  of  intermediate  size,  and  complete  the  digestion  intracellularly. 
Extracellular  digestion  by  Protozoa  occurs  occasionally.  The  amoeboid  cell 
Vampyrella  extrudes  a  cellulose-digesting  enzyme  onto  a  filament  of  Spirogyra, 
digests  a  hole  in  the  cell  wall,  then  consumes  the  cell  contents  in  1  to  5  min- 
utes. ^°^  It  is  probable  that  Protozoa  which  are  intracellular  parasites,  such 
as  the  malaria  organism,  destroy  portions  of  cell  membranes  before  pene- 
trating the  host  cell.  There  are  few  convincing  observations  of  enzymes  freed 
into  a  culture  medium  by  Protozoa.  Glaucoma  is  said  to  secrete  an  enzyme 
which  attacks  peptone  in  the  medium.  ^^^  Most  Protozoa  take  in  food  and 
digest  it  in  food  vacuoles  or  in  the  cytoplasm.  A  food  vacuole  is  extracellular 
in  the  sense  that  the  contents  are  separated  from  the  cytoplasm  by  a  membrane 
which  has  very  low  permeability  to  many  substances  such  as  organic  acids. 
Enzymes  are  secreted  into  the  food  vacuole;  moreover,  enzymes  contained 
within  live  ingested  food  may  act  autolytically  in  the  vacuole.  Protozoa  may 
take  in  indigestible  food  and  later  pass  the  particles  out;  certain  Protozoa  may 
show  some  selection  of  food.  ^~^ 

Among  metazoa,  intracellular  digestion  appears  to  be  correlated  with  slug- 
gish habits,  or  with  feeding  on  small  particles.  Extracellular  digestion  is  asso- 
ciated with  the  appearance  of  mechanisms  for  internal  trituration  and  the 
chemical  breakdown  of  small  particles  or  molecular  aggregates.  Extracellular 
digestion  appears  to  have  evolved  first  as  an  adaptation  for  dealing  with  large 
particles,  to  reduce  them  to  such  size  that  intracellular  digestion  could  take 
over;  it  is  a  sort  of  chemical  trituration.  The  evolutionary  trend  has  been 
toward  replacement  of  intracellular  by  extracellular  digestion.  Excellent  ac- 
counts of  the  site  of  digestion  are  given  by  Yonge.  ^'"^ 

In  sponges  digestion  is  exclusively  intracellular.  Among  triclad  turbellarians 
digestion  is  predominantly  intracellular;  the  large  cells  lining  the  gut  are 
phagocytic  and  contain  digestive  vacuoles  in  which  the  breakdown  of  meat 
can  be  followed.*^"'  ^**^  In  the  rhabdocoel  worms  digestion  occurs  in  the 
copious  lumen  of  the  gut.  In  some  of  the  Acoela,  the  cells  lining  the  gut  form 
a  syncytium  in  which  digestion  occurs;  this  is  possibly  an  intermediate  con- 
dition between  extracellular  and  intracellular  digestion.  "^  Intracellular 
digestion  is  also  predominant  among  coelenterates,  although  their  gastrovascu- 
lar  cavity  contains  a  protease  which  permits  extracellular  breakdown  of  protein 
(Metridium,-^-^^  Hydra~~).  All  other  digestion  is  carried  on  inside  the 
cells  of  the  endoderm  (Hydra^-),  of  the  mesenteric  filaments  (Metridium, 
^^'  ""),  and  of  the  lining  of  the  manubrium  and  stomach  of  medusae.'^" 
Similarly  in  madrepore  corals  the  mesenteric  filaments  secrete  proteases  into 
the  coelcntcron,  then  absorb  polypeptides  and  complete  the  digestion  in  vacu- 
oles.^^**   In  carnivorous  coelenterates  some  digestion  probably  also  occurs  by 
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autolysis  before  the  food  is  absorbed  into  the  endodermal  cells.  In  Tardigrade 
and  to  a  less  extent  in  Rotifera  and  Brachiopoda,  intracellular  digestion  pre- 
dominates. ^''*° 

Molluscs  show  wide  variety  in  the  relative  importance  of  extracellular  and 
intracellular  digestion.  '•'"  Lamellibranchs  digest  protein,  fat,  and  disaccha- 
rides  inside  the  cells  of  the  digestive  diverticula  and  in  the  wandering  amoe- 
bocytes  which  are  abundant  throughout  the  gut.  ^^^  The  amoebocytes 
migrate  into  the  wall  and  lumen  of  the  gut  in  clams,  charge  their  bodies  with 
food  particles,  digest  them,  and  make  their  way  again  into  the  tissue  spaces  of 
the  animal.  Starch  is  digested  extracellularly  by  the  action  of  amylase  from  the 
crystalline  style.  Among  gastropods  the  prosobranchs  resemble  lamellibranchs 
in  having  only  one  extracellular  enzyme,  amylase,  whereas  carnivorous  species 
digest  also  protein  and  sugars  extracellularly.  ^''^  In  snails  such  as  Helix, 
lacking  amoebocytes  in  the  gut,  the  hepatopancrcas  or  foregut  diverticula 
secrete  several  enzymes  and  the  initial  phases  of  digestion  are  extracellular; 
the  final  phases  occur  inside  the  cells  of  the  diverticula.  Intracellular  digestion 
is  prominent  among  nudibranchs.  ^^^ 

Concurrent  intracellular  and  extracellular  digestion  also  occurs  in  echino- 
derms  which  secrete  enzymes  upon  food  while  it  is  still  outside  the  body.  In 
addition,  amoebocytes  are  abundant  in  the  lumen  of  the  echinoderm  digestive 
system,  and  cells  of  the  pyloric  and  intestinal  caeca  are  phagocytic.  The  arach- 
noid Liniuliis  carries  out  preliminary  digestion  of  its  prey  extracellularly  but 
completes  digestion  in  the  primitive  way  in  the  cells  of  the  digestive  diverticula. 

Digestion  is  predominantly  extracellular  among  the  Annelida,  Crustacea, 
Insecta,  Cephalopoda,  and  Chordata.^''"  Digestion  is  extracellular  in  all 
classes  of  vertebrates,  but  many  organs  such  as  liver,  spleen,  and  kidney  con- 
tain intracellular  enzymes  which  are  capable  of  hydrolizing  foods.  Vertebrate 
cathepsins  are  intracellular  proteolytic  enzymes.  Inside  the  cells  these  enzymes 
may  function  in  protein  synthesis.  It  is  possible  that  terminal  digestion,  even 
in  mammals,  may  be  intracellular.  From  observations  on  intestinal  loops  in 
dogs  the  secreted  enzymes  are  evidently  insufficient  to  account  for  the  break- 
down of  peptone,  sucrose,  and  lactose;  hence  it  is  possible  that  these  substances 
may  be  digested  inside  the  mucosal  cells  where  peptidases  and  sucrase  are 
found.  ^^'  ^^^  Similarly  in  the  silkworm,  Bomhyx,  starch  digestion  is  extra- 
cellular, and  subsequent  sugar  breakdown  takes  place  inside  the  gut  cells.  ^^* 

The  animal  groups  with  extracellular  digestion  are  the  most  active  and  by 
many  standards  the  most  successful  of  animals.  They  have  mechanisms  for 
pulverizing  their  food  and  can  consume,  digest,  and  eliminate  residues  more 
rapidly  than  do  animals  with  intracellular  digestion.  Further,  the  surface 
required  for  extracellular  digestion  is  much  less  extensive,  compared  with  the 
ramified  chambers  of  digestive  diverticula  in  molluscs  and  flatworms.  Although 
extracellular  digestion  has  evolved  several  times,  it  has  not  always  developed 
simultaneously  for  different  foods  in  the  same  animal. 

HYDROGEN  ION  CONCENTRATION  OF  DIGESTIVE  FLUIDS 

There  are  two  general  patterns  of  secretion  and  locus  of  action  of  the  extra- 
cellular digestive  enzymes.  Among  most  invertebrate  animals  with  extra- 
cellular digestion  the  various  enzymes  are  secreted  together  into  one  chamber 
where  most  digestion  occurs.    A  sequence  of  chambers  into  which  specific 


152 


Comparative  Animal  Physiology 


o  r>.  ON 


<u 

w 

OJ 

^^ 

a 

G 

S 

13 

0) 

a 

c 

1) 

_c 

00 

« 

c 

•  rt 

C 

o 
s6 

(SI 

so 

in 

r^ 

^ 

00 

^ 

rri 

00 

in 

O 

lA 

3 

t^ 

t^ 

I^ 

00 

in 

ITS 

sO 

p  ro        ON 
00  ■<1^  t^  \6  t^ 


00  o 


B  <u 

2  .y  <N 

■"  .2.00 

■^     (U   ON 
vO    .>    t^ 


in  ivl 

^  ro  ' 
in  r^ 


o   «J  o 

(/5      P  V5 

CO   o  00  r^ 

in    ■"  in  in 

in  in  r)-  ^ 

in  in  in  in 


*■      " 

00 

00  vO 

vO 

in  in 

in 

^-  ^ 

■^  00 

m  in 

in  \0 

ex, 


^^-^ 

T) 

^-N 

<U 

B 

3 

n 

e 

3 

z 

q 

O 

B 

6 

s 

1^ 

GO 

CM 

in 

&, 

in 

v£) 

':^ 

m 

'^ 

rl- 

ro 

vO 

I^ 

B 


</>  O   00 

><  I  a  ft  S  "^^ 

C    «    o    o  ^      .-  s     s 

f-     &    <^    O  sD     W 

_C     S  "^  9     cf  °^  °° 
ftQJrf-sO     V  ^  \6  \0 
OOOO'^rfONsOovi) 
vd'^'^in'sOin^u^ 


B  U 

<  C/5  CO 


c/1    B 

3 

a  3 

^ 

«  l-u 

c 

It"  '^^ 

HJ 

"O  -^ 

E     ™ 

c 

<u    - 

G  '- 

U 

< 

6  a^ 


cu 


<u  ^    B  ^    3   S    3  -C-3 


-    B  =01 
C    <u    oj    a> 

„  e  3  o  i= 


cx,  J  ^  ft,  O 


O     B 
ft-G  . 
O    ft- 

M      eg 

-SQ 
< 


Feediuii  and  Dis.estiori 


153 


>-i 


p  a\ 
s6  sd 


3    3 

-a  "O 
c   c 

00    ON 

o  00 

00  00 


00 


(U     0)  JJ  -T3 

c  .S  .£  c 

0)   a  ^ 

c  c  c  t 

.S  ■-'  —  t-|- 

CO  ON  'I;  C^l 

ON   ON  00  t-^ 


3 
00 

T3 

e 


3 
00 
T3 


3 
00 

no 


t  ITN  OJ     C 

^riinoN(Nooj--^ 

\0\0^sdvDrril<s6 


& 

3 

n 

or 

&, 

^ 

V 

-TD 

2  ^ 

u 

0^ 

6 

ir\ 

O 

CvJ 

ir\ 

'^  <N 

in 

vn 

LfN 

r^ 

i^  u-\ 

un 

LA 

-n 

3 

3 

> 

a 

QO 

* 

* 

■^ 

o 

V-i 

b 

t-i 

O 

00 

o 

LO 

irv 

m 

ON 

00 

m 

LO 

fM 

in 

vO 

m 

ij^. 

ID 
G 

1) 

c 

11 

ir\ 

(M 

t^ 

00 

ON 

r^ 

00 

3  -iS 


o 
u 
<^ 

3  ir> 

-O 


3     • 

1 

■^rf 

"■* 

^    r^ 

op 

■c 

'Soi 

vO 

5 

00    ^ 

K 

03 
00 

JS 

O 

3 

c 

^_/ 

•a 

a; 

in 

vO 

^ 

E 

q 
r4 

3 

-G 
o 

fO 
OJ 

q 

OJ 

b-i 

in  LA 

6 

^  6 

rj 

i=  6 
J3  S 

O 

(A 

ON    ^ 

.y 

00   t" 

00 

"^  00 

3 

in  oo 

in 

•^.r; 

,u 

ro  <^ 

in  _C  MD 

6 

in 

^^ 

5 

oi 

1 

03 
OO 

^ 

« 

.i:  o 

N   t 

>■ 

^^      M 

N 

00 

so 

E 

ir. 

'^  o 

00 

^^ 

in  (N 

rvj  m 

vO 

00 

r-  00 

>  d 

C/3  CL, 


03   § 
>     03 
1     t 


3    03 

o    p-  «    >.— '  = 

03     >-     CJ     >     <U     Ch' 


03  2 

^^ 

-S  -2  ^~N 

O     -.     ^ 

5)  o  03 

,-       OJ     g  — ' 

"oj  -S  x;  -£ 

g^    OJ  .2  „      w 


03    tr 
1 — I    o 

SOCQ 


_2    3 

3U 


p  .y  X 

H     S     O 


3    OO.y 


n    n 


r-\ 

_^ 

or 

'2 

c 

/'-\ 

w 

Q) 

"w 

"b. 

o 

V-^" 

5 

OJ 

1-1 

1> 

00 

^     O     r-     "  _C     ° 


154  Comparative  Animal  Physiology 

enzymes  are  secreted  characterizes  vertebrates.  Mammals  show  a  definite 
sequence  of  secretion  in  both  protein  and  carbohydrate  digestion;  fish  show 
sequential  secretion  for  protein  only. 

During  the  course  of  digestion,  food  is  subjected  to  successive  changes  in 
the  medium.  This  is  true  even  in  an  intracellular  digestive  cycle  in  which,  as 
in  Protozoa,  the  food  vacuole  may  change  in  acidity,  water  content,  osmotic 
concentration,  and  enzyme  content.  In  extracellular  digestion,  the  various 
glands  secrete  a  variety  of  acids,  salts,  and  other  substances  besides  enzymes. 
In  most  animals  the  hydrogen  ion  concentration  of  the  digestion  mixture 
changes  during  the  course  of  digestion  or  during  passage  along  the  alimentary 
tract.  Specific  enzymes  function  only  over  a  limited  pH  range  and  are  in- 
activated by  extremes  of  acidity  or  alkalinity.  However,  the  pf^  optimum  of  an 
enzyme  is  not  necessarily  the  same  as  the  pH  in  the  digestive  organ  in  which 
the  enzyme  normally  functions. 

Table  25  gives  some  selected  values  of  the  pH  of  digestive  fluid  or  of  the 
contents  of  different  digestive  chambers  in  representatives  of  several  animal 
groups.  A  more  detailed  table  is  given  by  Kruger.  ^■*  Food  in  a  digestive 
organ  affects  the  acidity,  and  the  acidity  of  secreted  fluids  differs  in  resting 
and  in  actively  digesting  states.  A  general  pattern  of  acidity  changes  is  indi- 
cated, however,  in  Table  25. 

In  mammals  food  passes  through  a  series  of  changes  in  pH.  The  mouth  is 
nearly  neutral  in  reaction.  In  man  under  basal  conditions  parotid  saliva  has 
an  average  pH  of  5.8,  and  mandibular  (mixed)  saliva  a  pH  of  6.4,  although  the 
pH  may  rise  as  much  as  two  units  in  response  to  chemical  and  other  stimuli. ^^"" 
The  saliva  of  other  mammals  is  reported  to  be  alkaline,  although  methods  of 
collection  have  not  always  excluded  loss  of  CO2  to  the  air.  Saliva  of  the  cow  is 
more  alkaline  (pH  8.8)  than  the  regurgitate  from  the  rumen  (pH  7.9).  '^^ 
The  copious  liquid  and  the  mucin  content  of  mammalian  saliva  make  it  a  good 
food  lubricant.  Man  secretes  0.5  to  1  liter  of  saliva  per  day,  and  animals  on 
dry  diets  secrete  much  more;  a  horse  may  secrete  40  liters,  and  a  cow  60  liters 
daily;  ^"'^   each  parotid  gland  of  a  sheep  secretes  930  to  1840  ml./24  hr.  ^-- 

In  the  mammalian  stomach  the  parietal  cells  secrete  HCl  to  the  extent  of 
0.4  to  0.5  per  cent  (pH  0.91).  When  diluted  with  food,  the  contents  of  the 
stomach  range  from  pH  1.5  to  2.5  in  normal  humans.  Part  of  the  acid  is  free, 
more  is  combined.  The  acid  of  the  stomach  is  bactericidal,  kills  cells  of  food 
which  may  be  alive  when  swallowed,  and  may  aid  in  decalcification  of  food.'^ 
Stomach  acid  also  activates  the  principal  gastric  enzyme,  pepsin,  and  provides 
an  optimal  pH  for  its  action.  Monotremes  lack  stomach  glands.  In  ruminants 
the  storage  portions  of  the  stomach  are  alkaline,  and  only  the  true  stomach  or 
abomasum  is  acid.  In  young  chickens  the  gizzard  is  more  acid  than  it  is  in 
adult  hens.  The  stomach  contents  in  frogs  are  nearly  as  acid  as  those  in  mam- 
mals. In  the  bony  fish  which  have  a  stomach  the  gastric  pH  is  not  as  low  as  it 
is  in  mammals,  but  elasmobranchs  have  extremely  acid  gastric  contents.  Stom- 
achless  fish  swallow  food  directly  into  the  alkaline  intestine  (Fig.  29,  D). 

Among  invertebrate  animals  the  relation  of  acidity  of  the  digestive  tract  to 
diet  and  to  the  presence  or  absence  of  food  is  even  more  marked  than  it  is 
among  vertebrates.  In  general  the  anterior  regions  of  the  digestive  system  are 
nearly  neutral  or  weakly  acid  (Table  25).  In  molluscs  and  some  insects  they 
are  acid,  but  in  the  earthworm  the  region  of  the  pharynx  is  alkaline.  The  crop 
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of  a  blowHy  larva  feeding  on  meat  is  alkaline.  The  mid-gut  and  stomach  of 
many  animals  is  a  region  of  acid  secretion  (pH  5-6),  although  in  no  group  of 
invertebrates  is  the  mid-gut  as  acid  as  it  is  in  mammals.  Farther  back  in  the 
digestive  tube  the  pH  rises,  sometimes  to  alkaline  levels  (Table  25).  In  many 
molluscs  the  entire  gut  is  acid,  the  stomach  most  so,  and  the  gastric  acidity  is 
controlled  in  part  by  the  crystalline  style.  The  mid-gut  fluid  is  alkaline  in 
Trichoptera,  Lepidoptera,  and  some  Coleoptera,  "''  although  the  mid-region 
of  the  mid-gut  of  blowfly  larvae  may  have  a  pH  of  3.2.  Digestive  fluids  of  the 
silkworm  are  as  alkaline  as  pH  9.5.  '•■^-»  In  corals  Hving  in  sea  water  of  pH  8.2 
the  coelenteric  fluid  had  a  pH  in  starvation  of  7.78;  two  hours  after  feeding 
the  pH  was  7.05.  ^^^ 

In  free-living  Protozoa  the  pH  of  food  vacuoles  can  be  followed  if  food  or 
fluid  medium  is  stained  with  appropriate  indicators.  Greenwood  in  1894 
pointed  out  that  in  Carchesium  the  food  vacuole  is  first  acid  and  then  alkaline, 
and  that  most  digestion  occurs  in  the  alkaline  phase.  This  sequence  holds  for 
numerous  ciliates;  -^^  Paramecium  reaches  the  highest  acidity.  ^^^  Mast 
followed  individual  stained  food  vacuoles  in  Amoeba  proteus,  "^  several 
peritrichs,  "'■*  and  Paramecium  caudatum,  "^  and  in  each  the  food  vacuole 
becomes  acid  soon  after  it  is  formed;  while  it  is  acid  its  volume  decreases. 
After  a  few  minutes  a  food  vacuole  becomes  more  alkaline  and  enlarges  rapidly. 
It  is  postulated  that  products  of  hydrolysis  during  the  acid  phase  increase  the 
osmotic  concentration  in  the  vacuole;  then  alkaline  fluid  enters  from  the 
cytoplasm.  The  source  of  the  acid  is  not  entirely  certain,  but  there  is  good 
evidence  that  the  vacuolar  membrane  does  not  permit  loss  of  acid  during  the 
initial  period.  Some  of  the  acid— perhaps  all  of  it  in  Amoeba,  where  the  lowest 
pH  is  3.5  to  4.0— comes  from  food  organisms  contained  in  the  vacuole,  and 
death  of  prey  occurs  in  the  acid  phase.  In  the  ciliates— such  as  Paramecium, 
where  the  pH  may  go  as  low  as  1.4— some  acid  is  probably  secreted  by  the 
pharynx.  As  the  vacuole  swells  in  the  alkaline  phase  the  pH  may  rise  above 
that  of  the  cytoplasm;  enzymatic  digestion  then  proceeds. 

The  digestive  secretions  of  most  animals  are  acid  in  the  early  and  alkaline 
in  the  late  phases  of  digestion.  This  general  pattern  holds  whether  the  enzymes 
are  secreted  together  into  one  chamber  or  follow  in  sequence.  Variations  may 
be  correlated  with  food  habits  and  enzyme  complement  of  different  animals. 

STIMULATION  OF  SECRETION  OF  DIGESTIVE  FLUIDS 

When  a  digestive  organ  does  not  contain  food,  there  is  usually  a  low-level 
continuous  secretion  of  fluid  which  may  have  a  lubricating  function,  and 
which  diff^ers  in  composition  from  the  secretion  during  active  digestion.  Also 
in  animals  which  feed  most  of  the  time,  as  in  pelecypods  by  continuous  ciliary 
propulsion  of  food  or  as  in  continually  browsing  scavengers,  the  flow  of 
digestive  fluid  must  be  continuous.  However,  in  most  animals  feeding  is 
periodic,  and  secretion  is  elicited  to  correspond  to  the  presence  of  food.  Gland 
cells  can  be  stimulated  by  chemical  agents  in  tissue  fluids  which  bathe  them, 
by  direct  mechanical  stimulation,  by  nerve  impulses,  or  by  combination  of  all 
three  methods  of  stimulation. 

The  control  of  digestive  secretion  has  been  examined  very  extensively  in 
mammals,  particularly  in  the  dog,  and  hardly  at  all  in  lower  animals,  and  the 
mammalian  mechanisms  are  well  described  in  medical  physiology  texts.    In 
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mammals  the  submaxillary  and  sublingual  glands  receive  parasympathetic 
stimulation  by  the  chorda  tympani  nerve,  and  the  parotid  gland  by  the  auricu- 
lo-temporal  nerve;  in  addition  the  salivary  glands  are  innervated  from  the 
cervical  sympathetics.  Both  parasympathetic  and  sympathetic  nerves  stimulate 
secretion,  although  the  nature  of  the  fluid  secreted  differs  according  to  the 
nerves  stimulated  and  the  glands  concerned.  Normally  there  is  some  contin- 
uous secretion,  but  salivary  secretion  can  be  stimulated  reflexly  by  the  presence 
of  food  or  other  substances  in  the  mouth  or  by  stimulation  of  other  sense  organs 
which  are  associated  with  food  by  conditioning.  Control  of  salivary  secretion 
is,  therefore,  entirely  nervous.  The  stimulating  action  of  parasympathetic 
nerves  is  prevented  by  atropine,  which  probably  blocks  the  action  of  acetyl- 
choline liberated  at  the  nerve  endings.  Pilocarpine  stimulates  the  glands  to 
continuous  secretion. 

Secretion  of  gastric  juice  is  stimulated  by  the  vagus  nerve  and  is  antagonized 
by  atropine.  The  sympathetic  nerve  to  the  stomach  may  antagonize  the  vagus 
and  may  elicit  a  sKght  mucous  secretion.  Reflex  stimulation  of  gastric  secretion 
can  be  elicited  by  odor,  taste,  or  sight  of  food;  in  addition,  mechanical  stimula- 
tion of  the  gastric  mucosa  elicits  secretion.  More  important  is  the  fact  that 
certain  foods,  particularly  meat,  initiate  the  liberation  into  the  blood  of  a  sub- 
stance which  stimulates  the  gastric  glands.  This  hormone,  gastrin,  has  the 
properties  of  and  may  be  identical  with  histamine.  Stimulation  of  the  vagus 
nerve  causes  limited  secretion  of  pancreatic  juice,  particularly  rich  in  enzymes. 
When  the  acid  chyme  from  the  stomach  enters  the  duodenum,  a  hormone  is 
liberated  from  the  intestinal  mucosa;  this  substance,  secretin,  carried  in  the 
blood,  strongly  stimulates  pancreatic  secretion.  Nervous  influence  upon  in- 
testinal gland  secretion  is  slight;  the  sympathetic  are  said  to  be  inhibitory,  and 
the  vagus  is  said  to  cause  secretion  in  the  absence  of  influence  of  the  sympa- 
thetics. The  intestinal  glands  respond  readily  to  mechanical  stimulation  of 
the  mucosa.  A  hormone  from  the  intestinal  wall,  enterocrinin,  apparently 
stimulates  the  intestinal  glands  to  secrete.  Secretion  of  bile  can  be  elicited  by 
impulses  in  the  vagus  nerve;  certain  foods  and  secretin  also  stimulate  secretion 
of  bile  from  the  liver.  In  some  mammals  bile  is  retained  and  concentrated  in 
a  gall  bladder;  liberation  of  bile  from  the  gall  bladder  is  elicited  by  a  hormone, 
cholecystokinin,  which  is  produced  by  the  duodenal  mucosa  under  the  influ- 
ence of  the  acid  food  mass.  The  three  hormones  from  the  intestinal  mucosa, 
secretin,  enterocrinin,  and  cholecystokinin,  diff^er  in  their  eff^ects,  although 
all  three  have  many  chemical  properties  in  common  (see  Chapter  22). 
A  progressive  series  from  nervous  to  hormonal  control  is  evident.  Salivary 
secretion  is  entirely  nervous;  gastric  and  pancreatic  secretion  are  nervous  and 
hormonal;  and  secretion  of  intestinal  fluids  and  that  of  bile  are  predominantly 
hormonal. 

The  control  of  secretion  in  non-mammalian  vertebrates  is  known  only  for 
the  stomach  and  pancreas.  Secretion  of  gastric  juice  by  the  proventriculus  of 
birds,  as  by  the  mammalian  stomach,  is  stimulated  by  the  vagus  nerve,  also 
by  secretin.  '^'^  In  the  frog,  mechanical  stimulation  by  food  or  by  objects  such 
as  beads  in  the  stomach  causes  gastric  secretion  by  a  reflex  via  the  sympathetic 
nervous  system.  ^"^  Similar  sympathetic  stimulation  occurs  if  various  sensory 
nerves  are  stimulated  in  frogs  with  the  central  nervous  system  intact.  The 
vagus  and  vagomimetic  drugs  are  ineff^ective.  There  is  uncertainty  whether  any 
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hormones  inHuence  normal  gastric  secretion  in  amphibians,  although  histamine 
and  mammalian  gastrin  are  effective  when  injected  into  frogs.  •''^'  '''' 

In  elasmobranch  Hsh,  as  in  amphibians,  the  vagus  nerve  does  not  affect  gas- 
tric secretion.''-  ^'■'  In  tasting  skates  and  dogfish  there  is  a  continuous  secre- 
tion of  small  amounts  of  gastric  juice;  this  secretion  is  inhibited  by  adrenalin 
or  by  sympathetic  nerve  impulses  but  is  not  altered  by  stimulating  or  cutting 
the  vagus.  If  the  spinal  cord  is  pithed,  removing  sympathetic  inhibition,  a 
copious  "paralytic"  secretion  appears,  possibly  due  to  vasodilatation.  "  In 
perfusion  experiments  both  acetylcholine  and  histamine  increase  gastric 
secretion  in  elasmobranchs.  i"''  Gastric  secretion  is  under  nervous  control  of 
the  vagus  in  mammals  and  birds;  in  amphibians  the  sympaihetics  stimulate, 
and  in  elasmobranchs  the  sympathetics  inhibit  gastric  secretion.  No  fixed 
pattern  exists  among  vertebrates,  and  a  search  for  gastric  hormones  in  lower 
vertebrates  is  desirable.  Secretin  has  been  obtained  from  the  small  intestine 
of  birds,  turtles,  frogs,  salamanders,  ''-^    and  teleosts  and  elasmobranchs.  ^^ 

In  the  earthworm  Liivihriciis,  stimulation  of  segmental  nerves  elicits  the 
secretion  by  the  anterior  intestine  of  a  protease  which  clots  milk.'-'^  In  no 
other  invertebrate  animal  is  there  evidence  for  either  nervous  or  hormonal 
secretion  of  digestive  fluids.  However,  histological  studies  have  demonstrated 
waves  of  secretory  activity  in  the  buccal  glands  and  digestive  diverticula  of 
snails,  "''  and  in  the  digestive  diverticula  of  the  crayfish.  ''"  In  the  snail 
Helix  the  cytological  changes  include  elaboration  of  granules  that  may  be 
stored  or  may  form  vacuoles  which  are  liberated  into  the  lumen  of  the  gland. 
In  starved  snails  the  buccal  glands  show  a  small  amount  of  asynchronous 
activity;  the  digestive  diverticula  show  rhythms  in  which  all  the  cells  work 
synchronously.  When  the  snails  are  fed,  both  glands  become  rhythmic  and 
show  a  faster  sequence.  Feeding  is  the  stimulus  to  the  buccal  gland,  and  food 
in  the  crop  stimulates  the  digestive  diverticula.  In  Astacus  the  rhythm  of  the 
digestive  diverticula  is  paced  by  formation  of  new  gland  cells  by  mitotic  divi- 
sion. The  rhythm  is  slow  during  starvation  but  is  accelerated  markedly  when 
food  enters  the  stomach.  In  several  coelenterates,  food  in  the  coelenteron  or 
in  contact  with  mesenteric  filaments  stimulates  digestive  secretion.  "'°  Food, 
then,  is  the  ultimate  stimulus  for  secretion  of  digestive  Huids  in  all  animals. 
The  manner  in  which  the  stimulus  is  transmitted  is  knov\n  well  only  for 
mammals. 

DIGESTION  OF  PROTEINS 

Proteins  during  digestion  are  broken  down  to  their  component  amino  acids 
which  may  then  be  absorbed  and  built  into  specific  new  proteins.  Protein 
digestion  is  essentially  a  series  of  hydroKses  of  peptide  linkages: 

Ri  O    ;    H     R.  R,  O  R. 

I      II  I       I  I      II  I 

-C-C N-C hHOH  >■  C-C-OH   +H,N-C- 

I  I  I  I  I 

H         I  H  H  H 

Classification  of  Proteases.  The  classification  of  proteolytic  enzymes  has 
changed  radically  during  the  past  fifteen  years  with  better  understanding  of 
the  composition  of  proteins.   In  the  following  account,  some  features  both  of 
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the  older  schemes  and  of  the  modern  classification  of  Bergman  "=*  are  com- 
bined in  a  general  plan  based  on  that  of  Baldwin.  ''  Proteases  differ  according 
to  the  substrates  attacked,  the  optimum  pH,  and  the  effects  of  activating  and 
inhibiting  agents. 

Endo peptidases.  These  enzymes  attack  central  peptide  bonds,  and  may  also 
act  on  smaller  molecules  than  proteins,  for  example  peptones. 

CARBONYL-PROTEINASES. 

(1)  Pepsin.  Pepsin  attacks  a  peptide  linkage  between  a  dicarboxylic  and 
an  aromatic  amino  acid  if  the  second  carbonyl  of  the  dicarboxylic  acid  is  free 
and  if  there  is  no  free  amino  group  near  the  peptide  link.  That  is,  pepsin 
requires  amino  acids  such  as  phenylalanine  or  tyrosine  in  the  backbone  of  the 
molecule,  attached  as  in  the  following  example: 

COOH  (freecarboxyl)      /vOH 

CeHsCH^O-C-HN-CH-CO  -\-  HN-CH-CO-HN-CH.-CO-NH2 

I 
Pepsin 
break 

carbobenzoxy  glutamyl  tyrosyl  glycine  amide 

(dicarboxylic)  (aromatic) 

Pepsin  is  usually  characterized  physiologically  by  working  in  an  acid  medium 
and  by  being  inactivated  in  an  alkaline  one.  According  to  Northrup,  pepsin 
acts  on  positively  charged  proteins.  Pepsin  is  secreted  as  pepsinogen  which  is 
activated  autocatalytically  in  an  acid  medium  (HCl). 

(2)  Cathepsin  I.  Cathepsin  I,  isolated  from  mammalian  liver  and  spleen, 
resembles  pepsin  in  the  specificity  of  its  substrate  requirements.  However,  it 
acts  in  a  medium  which  is  neutral  or  slightly  acid  and  is  acti\'ated  by  reducing 
agents  such  as  MCN,  H^S,  cysteine,  and  glutathione. 

(3)  Trypsin.  Trypsin  acts  at  a  peptide  link  adjacent  to  arginine  or  lysine. 
It  may  attack  some  other  peptide  links  as  well  but  is  identified  by  use  of  a 
substrate  such  as  the  following: 


C=NH 

I 

(CHOa 


NH, 

CH2 

! 

(CHO. 


I  -HN-CH-CO  — HN-C- 

-HN-CH-CO  ^  HN-C-  !  I 


arginine  trypsin  or  lysine  trypsin 

break  break 

Trypsin  is  characterized  physiologically  by  acting  in  an  alkaline  medium  (pH 
7  to  9),  in  which  most  proteins  are  negati\'ely  charged.  It  is  secreted  as  tryp- 
sinogen,  which  is  activated  by  some  specific  enzyme  (zookinase),  such  as  the 
intestinal  cnicrokinasc;  once  started,  tr\psin  actixation  ma\  occur  autocata- 
Ivticallv. 
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(4)  Cathepsin  II.  Cathepsin  II  is  similar  in  its  substrate  requirements  to 
trypsin  but  acts  in  a  weakly  acid  medium  (pH  4.9).  It  is  activated  by  HCN, 
HoS,  cysteine,  and  glutathione. 

IMIDO-PROTEINASE. 

(1)  Chymotrypsin.  Chymotrypsin  is  a  separate  pancreatic  enzyme  from 
trypsin.  It  attacks  a  peptide  link  with  an  aromatic  amino  acid  on  the  carboxyl 
side  of  the  link. 

COOH  .OH 

I  / 

(CHO.  ,^^ 

CoHsCHsCONH-CH-CONH-CH-CO-HN-CH.CO-NH, 

carbobenzoxyl  glutamyl  tyrosyl       |  glycine  amide 

chymotrypsin  break 

Chrymotrypsin  acts  in  an  alkaline  medium,  pH  7  to  9,  and  is  activated  by 
trypsin  or  by  enterokinase  in  the  presence  of  trypsin. 

Exo peptidases.  1  hese  enzymes  attack  terminal  peptide  links  and  act  largelv 
on  products  of  proteinase  action,  particularly  polypeptides.  Their  pi  1  require- 
ments are  not  strict;  they  usually  show  a  broad  pH  optimum  in  the  neutral  or 
weakly  alkaline  range. 

CARBOXYPEPTiDASES.  A  carboxypcptidasc  removes  a  terminal  amino  acid 
with  a  free  carboxyl  group.  It  is  inhibited  by  a  free  amino  group  nearby.  A 
favorite  substrate  used  to  test  for  carboxypcptidasc  is  chloracetyltyrosine.  The 
enzyme  is  formed  in  the  pancreas  of  mammals. 

AMiNOPEPTiDASES.  An  aminopcptidasc  acts  on  a  peptide  bond  next  to  a 
terminal  amino  acid  with  a  free  amino  group.  It  is  inhibited  by  a  free  carboxyl 
nearby.  Leucyldiglycine  is  often  used  as  substrate  to  test  for  aminopeptidase. 
The  difference  in  specificity  of  carboxypeptidases  and  aminopcptidases  is 
shown  in  the  following  tripeptide  substrate: 

CH.        CH3 

\   /  aOH 

CH  /\ 

f    !  IS/ 

H.N-CH-CO  ~  HN-CH=-CO-HN  —  CH-COOH 

leucyl  I  glycyl  ,  tyrosine 

amino-  carboxy- 

pcptidasc peptidase 

break  break 

The  substrate  requirement  of  cathepsin  III  is  similar  to  that  ot  aminopepti- 
dase. 

DiPEPTiDASES.  Thcrc  may  be  numerous  dipeptidases.  Like  all  other  pro- 
teolytic enzymes,  they  act  on  compounds  of  the  L-series  Qaevo  configuration). 
Dipeptidases  break  dipeptides  into  their  component  amino  acids.  Glycylglycin 
and  leucylglycin  are  commonly  used  substrates.  Some  dipeptidases  are  activ- 
ated by  magnesium  and  inhibited  by  HCN. 
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TABLE  26 
CHARACTERISTICS  OF  PROTEINASES 


Tissue  extracted 

Substrate 

pH 

Animal 

or  digestive  fluid 

tested 

optimum 

Activation 

Protozoa 

1 

Paramecium"* 

food  vacuole 

flagellates 
etc. 

alk. 

Paramecium  and 

other  ciliates^'^* 

egg  yolk 

alk. 

Paramecium"* 

whole  body 

no  entero- 

extract 

casein 

7.4 

kinase  act., 

gelatin 

4.6 

act.  by 
cystein,  HCN 

Pelomyxa^^ 

whole  extract 

fibrin 

acid 

Chaos  ™^ 

granules 

casein 

3.75 

not  act.  cystein 

Coelenterates 

Physalia^"            ( 

siphons, 

gelatin 

3.0-3.5 

Stomolophus'*    )• 

mesenteric 

(slight) 

Metridium^'        ) 

filaments 

7.3  (good) 

Actinian" 

mes.  filaments 
gastrovasc. 
fluid 

gelatin 

9.0 

1.17-1.9 
(no  amino 
N  formed) 

Anemones"" 

mes.  filaments 

gelatin 
casein 
albumin 

8.2 

8.75 

8.0 

Madrepore 

gastrocoel. 

fibrin 

7.1,8.7 

corals^** 

fluid 
mes.  filaments 

5.3,  broad 
6.5-10 

r^ 

Annehds 

Leeches'" 

no  protease  in  inl 

estinal  wall  if 

lushed  out 

Eutyphoeus' 

hepatopancreas 

autodigestio 

n  7.8 

Sabella^*^ 

midgut 

gelatin 

8.0 

Cestoda 

Taenia^ 

worm  extract 

gelatin 

8.0  (weak) 
2.2  (very  weak 

) 

Mollusca 

Murex"' 

hepatopancreas 

casein 

8.2 

no  act.  by 

stomach  juice 

7.6 

enterokinase 
or  HCN 

Helix 

hepatopancreas 

gelatin 

5.5 

act.  by 

vivipara"' 

HCN,  H.S, 
glutathione 

Limnaea"^ 

hepatopancreas 

casein 

alkaline 

Helix,  Limax, 

stomach  & 

peptone. 

7.6 

Arion'^'' 

hepatopancrea 

casein, 
fibrin 

Patella" 

hepatopancreas 

gelatin 

5.6,  8.2 

Aplysia'' 

salivary  glands 

fibrin, 
casein 

2.8,  3.4 

hepatopancreas 

peptone 

8.4-9.4 

Ostrea"' 

hepatopancreas 

casein 
gelatin 

4.0,  8.5 
4.1,8.0-8.5 

Ostrea"" 

hepatopancreas 

gelatin 

3.7,  9.0 
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TABLE  26  (continued) 
CHARACTERISTICS  OF  PROTEINASES 


Tissue  extracted 

Substrate 

pH 

Animal 

or  digestive  fluid 

tested 

optimum 

Activation 

Ostrea'" 

hepatopancreas 

casein 
gelatin 

4.0,  8.0 
4.2,  8.0-8.5 

Mytilus'' 

dig.  tract 

albumin 

4.5,  8.2  (weak) 

peptone 

4.6,  7.0 

Polypus"" 

hepatopancreas, 
dig.  juice 

gelatin 

4.7,  7.8 

Sepia"" 

liver,  stomach 

casein 

6.1 

not  activated 

juice 

gelatin 

5.6 

by  enterokinase 

peptone 

6.1 

or  cecum 
extract  or 
H.Sor 
glutathione 

pancreas 

casein 
peptone 

act.  by 
enterokinase 
&  cecum  ex- 
tract 

Arthropoda 

Limulus"" 

hepatopancreas, 
stomach  fluid 

casein 

>9 

act.  by  en- 
terokinase 
inhib.  by 
HS 

Peripatopsis"^ 

saliva 

casein, 
gelatin 

7-7.5 

no  act.  by 
enterok. 

gut 

gelatin 

3.0 

or  HiS 

Calanus^ 

whole  body 

gelatin 

8.0-8.5 
3.6-4 

Daphnia^' 

whole  body 

gelatin 

7.4 

Polyphemus^ 

whole  body 

gelatin 

6.5 

Astacus"* 

stomach  fluid 

fibrin 
peptone 

6.2 
7.0' 

Astacus'"" 

stomach  fluid 

casein 
gelatin 
peptone 

6.2  (8.0sl) 

Astacus"* 

stomach  juice  & 
hepatopancreas 

casein 

6.3  C8.3sl) 

Maja^^'' 

stomach  juice  & 

casein 

7.4 

no  act.  by 

extract 

7.2 

enterokinase. 

gelatin 

2.7,  6-9 
7.8 

HCN,  H^S 

Blatta^^ 

gastric  ceca 
&  midgut 

fibrin 

5.6 

Periplaneta'^ 

midgut,  ceca 

albumin 

7.5 

weak  act. 

casein 

7.5 

by  entero- 
kinase, 
inhib.  in 

Periplaneta"" 

midgut,  ceca 

gelatin 

7.5 

HCN 

•  Bombyx"^ 

larva 

casein, 
gelatin 

9.5 

Tineola" 

intest.  extract 

casein 

9.3 

Galleria" 

intest.  extract 

casein 

9.6 

Galleria"" 

midgut 

7-7.6 
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TABLE  26  (continued) 
CHARACTERISTICS  OF  PROTEINASES 


Tissue  extracted 

Substrate 

pH 

Animal 

or  digestive  fluid 

tested 

optimum 

Activation 

Blowfly  larva"' 

midgut 

gelatin 

7.2-7.5 

Dragonfly 

nymph'" 

crop,  midgut 

edestin 

5.0-5.5 

ant.  intestine 

edestin 

8.9 

Several 

crop,  midgut, 

casein 

Act.  by 

crickets'™ 

&  ceca 

6.2-9.0 

enterokinase 
Inhib.  by  H,S 
&HCN 

Carabus'-"" 

crop  &  midgut 

casein 

9.0 

Act.  by 

Echinodermata 

enterokinase 

Distolasterias"' 

pyloric 
ceca 

gelatin 

4.8 
7.6 

Act.  by  HCN, 
H.S 

Inhib.  by 
HCN 

Patiria  (star- 

fish)'*' 

gastric  ceca 

gelatin 

7.0 

Holothuria'^^ 

stomach  &  other 
parts  of  digest, 
tract 

casein, 
peptone 

alkaline 

Strongylo- 

dig.  tract 

gelatin 

2.4-3,  6.5-9 

centrotus 

egg  albumin 

2.4,  6.6 

(sea  urchin)''' 

Prochordates 

Tethyum^" 

"liver" 

gelatin 

8-8.5 

&  Bolteria 

Ciona'^^ 

gut 

fibrin, 
casein 

alk.  (weak) 

Glossobalanus'^ 

hepatic  region 

casein 

7.7 

Amphioxus" 

diverticula 

gelatin 

8.3 

hindgut 

gelatin 

8.5 

Chordata 

Acanthias'"* 

pancreas 

fibrin 

8.2 

stomach 

fibrin 

2.0-2.4 

several  elas- 

stomach 

gelatin, 

3 

mobranchs" 

fibrin 

several  teleosts"' 

stomach 

gelatin, 
fibrin 

3 

teleosts" 

pyloric  ceca 
(incl.  pan- 
creas) 

gelatin, 
fibrin 

7.7-8 

tuna^-°» 

stomach 

hemoglobin 

2.5-2.6 

Esox  (hecht)'"« 

stomach 

2.2-2.5 

Perca 

fibrin 

1.65 

(perch)'' 

intestine 

gelatin 
fibrin 

12.8 
1.8 

stomach 

gelatin 

9.36 

Clupea 

pyl.  ceca 

fibrin 

2.5-2.8 

(herring)' 

cryst.  pepsin 

fibrin 
gelatin 

9.0 
8.76 
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TABLE  26  (continued) 
CHARACTERISTICS  OF  PROTEINASES 


Tissue  extracted 

Substrate 

pH 

Activation 

Animal 

or  digestive  fluid 

tested 

optimum 

Cyprinus 

pancreas 

fibrin 

8.75 

Act.  by 
enterokinase 

(carp)"^ 

Plaice'^ 

stomach 

casein 

1.5-2.5 

Frog"" 

stomach 

fibrin 

2.2 

pancreas 

fibrin 

6-8 

Testudo"^ 

stomach 

fibrin 

2.2 

Pig^« 

stomach 

fibrin 

1.7-2.5 

MammaP-"" 

purified  pepsin 

casein, 

gelatin 
hemoglobin 

1.8 
2.2-2.4 

Acid  act. 

Mammal'" 

purified 
cathepsin 

4.0 

HCN  act. 

Mammar^" 

purified  trypsin 

casein 

gelatin 
fibrin 

8.2-8.6 

7-8 
8.6-9.2 

Entero- 
kinase act. 

The  proteolytic  enzymes  of  tissues  (cathepsins)  have  not  been  characterized 
except  tor  the  mammalian  liver  and  spleen.  In  fact  little  separation  of  pro- 
teases has  been  made  by  substrate.  Hence  for  practical  purposes  we  can  dis- 
tinguish proteases  with  low  pH  optimum  (pH  1.5-3)  as  pepsins,  those  working 
in  an  alkaline  medium  (pH  7-9)  as  trypsins,  and  those  with  a  weakly  acid 
optimum  (pH  4.5-6.5)  as  cathepsins.  This  implies  that  there  are  both  intra- 
cellular and  extracellular  cathepsins;  those  known  from  vertebrates  are  intra- 
cellular. The  pH  optimum  has  little  meaning  without  a  statement  of  the 
substrate,  since  with  certain  substrates  the  optimum  is  lower  than  with 
others.  '•^" 

Rennin  is  an  enzyme  which  clots  the  milk  protein  casein  (paracasein).  Some 
proteolytic  enzymes  have  a  rennin  action.  However,  there  are  probably  specific 
rennins,  as  in  the  stomach  of  infants,  distinct  from  pepsin. 

Distribution  of  Proteinases.  Proteolytic  enzymes  have  been  detected  in 
tissue  extracts  and  digestive  fluids  of  many  animals.  Selected  data  are  sum- 
marized in  Table  26.  Several  generalizations  are  evident  from  this  table. 

An  enzyme  extracted  from  glandular  tissues  is  essentially  the  same  as  the 
enzyme  from  the  lumen  of  a  digestive  organ  into  which  the  glands  secrete. 
This  has  been  shown  for  the  hepatopancreas  and  stomach  fluid  of  Limulus,^*^ 
Astacus,'^^  and  Maja,^^^  and  is  well  substantiated  for  pepsin  and  trypsin  in 
mammals. 

Cathepsin  is  an  enzyme  hydrolyzing  proteins  in  the  range  of  pH  4.5  to  6.5 
and  activated  by  HoS,  HCN,  or  cysteine.  It  occurs  in  digestive  fluids  and 
digestive  glands  of  many  invertebrate  animals.  This  type  of  protease  has  been 
demonstrated  in  Paramecium,  '^•'*  several  snails,  ^"^'  the  cephalopod  Polypus 
(Fig.  31),  ^^^  and  in  several  echinoderms,  especially  Distolasterias  (Fig. 
30).  ^^'^  Often  two  pH  optima  occur,  one  in  weak  acid  for  a  cathepsin  and 
the  other  in  the  alkaline  range  for  a  trypsin  (Figs.  30  and  31).    Catheptic 
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digestion  is  indicated  by  pH  optima  in  other  animals  as  well  (e.g.  lamelli- 
branchs).^-'  ^^^  Trypsin  may  be  inhibited  by  agents  which  activate  cathep- 
sin.  Cathepsin  has  not  been  reported  for  any  insect  except  from  the  crop  and 
mid-gut  of  dragonfly  nymphs  (Table  26). 


pH 

Fig.  30.  Digestion  of  gelatin  by  pyloric  caeca  of  starfish  at  different  hydrogen  ion 
concentrations,  with  and  without  cyanide.   From  Sawano."' 


0.20 


O.I  5 


005 


Fig.  3 1 .   Digestion  of  gelatin  by  extract  of  liver  of  cephalopod,  Polypus,  at  different 
hydrogen  ion  concentrations,  with  and  without  cyanide.    From  Sawano"" 


It  is  probable  that  several  trypsins  exist.  Some,  such  as  those  of  several 
insects' '"'"  and  Limulus,  '^•*  are  activated  by  mammalian  enterokinase. 
Others,  such  as  the  trypsin  of  Paramecium,^'^^  Mwrex,"'*  and  Maja,^'^^ 
are  not  activated  by  enterokinase.  The  few  attempts  to  find  activating  agents 
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in  tissues  of  the  animals  in  which  the  trypsin  is  produced  have  not  been  very 
successful.  The  pH  optimum  for  trypsin  is  not  always  7.5  to  8.0.  A  protease 
acting  at  about  pH  6.0  and  activated  by  enterokinase  has  been  reported  for 
Sepia;  ^'*^  this  needs  confirmation.  In  two  crickets  trypsin  has  a  broad  optimum 
with  a  peak  at  6.2.  In  the  silkworm  the  optimum  is  pH  9.5,^^^  and  in  wax 
moth  and  clothes  moth  larvae  the  optimum  is  above  9.0.  ^^  A  similar  high 
optimum  is  found  for  Liinidus  trypsin.  In  the  clothes  moth  the  gut  fluid  has 
a  very  low  oxidation-reduction  potential  and  contains  a  strong  reducing  sub- 
stance without  which  the  trypsin  cannot  attack  the  disulfide  bonds  of  kera- 
tin. ^^'^  Trypsin  reported  from  pyloric  caeca  of  fish  probably  comes  from 
attached  pancreatic  tissue. 

The  hydrogen  ion  concentration  at  which  proteolytic  enzymes  function  in 
an  animal  is  not  necessarily  identical  with  the  pH  optimum  of  the  enzymes. 
In  Paranieciinn,  for  example,  proteolytic  digestion  occurs  in  the  alkaline  or 
near  neutral  phase  of  the  gastric  vacuole. ^^^'  ^-^  Yet  the  cytoplasm  contains 
a  protease  with  maximum  activity  at  pH  4.6.  ^^^  In  snails  the  pH  optimum 
of  the  trypsin  is  much  above  the  pH  of  the  mid-gut.  '^-  Similar  diflferences 
are  found  in  Astacus,  Liinidus,  and  Polypus.  In  the  fish  Esox  the  pH  of  the 
stomach  contents  varies  with  the  food;  it  averages  5.2,  whereas  the  optimum 
pH  for  fish  pepsin  is  2.2.  ^^^  Vonk  suggests,  however,  that  at  the  surface  of 
food  particles  where  the  enzyme  is  acting,  the  pH  may  be  lower  than  the  mean 
pH  of  the  whole  food  mass. 

Pepsin  is  characteristic  of  vertebrates  only.  Reports  of  proteolytic  action  in 
very  acid  solutions  by  tissues  of  coelenterates  -*'•  ^'  and  Limnaea  ■^-  are  not 
convincing  and  probably  do  not  indicate  a  true  pepsin  but  rather  a  cathepsin. 
This  also  seems  likely  for  proteases  acting  at  pH  3  to  4  as  in  Peripatopsis^^ 
and  in  a  copepod.  -"  The  prochordates  and  microphagous  cyclostomes  lack  a 
stomach  and  have  no  peptic  digestion.  ^^  Beginning  with  the  jawed  carnivor- 
ous fish,  elasmobranchs,  and  bony  fish,  peptic  digestion  occurs  in  the  stomach. 
The  pepsin  of  all  vertebrates  appears  to  be  similar,  ^"'  and  crystalline  trypsin 
from  the  tuna  ^'-^^  resembles  that  from  mammals.  In  several  groups  of  teleosts 
the  stomach  is  lacking  (Fig.  29,  D),  and  no  pepsin  is  found,  for  example,  in 
Fundidiis.  "^  Acid  and  pepsinogen  are  secreted  by  different  cells,  and  the 
parietal  cells  (acid-secreting)  may  be  located  in  different  regions  from  the 
chief  cells  (pepsin-secreting).  In  the  frog  pepsin  is  secreted  by  the  esophagus 
and  upper  stomach;  hydrochloric  acid  is  secreted  by  the  lower  (pyloric)  stom- 
ach. In  birds  such  as  the  chicken  the  glandular  stomach  or  proventriculus 
lies  between  the  crop  and  the  grinding  gizzard  and  secretes  HCl  and  pepsin- 
ogen. The  crop  is  somewhat  acid  (pH  5.0),  but  most  peptic  digestion  occurs 
in  the  muscular  gizzard.  ^^  The  gizzard  contents  are  less  acid  in  an  adult 
(pH  3.1)  than  in  a  young  chicken  (pH  2.7  in  23  day  chicken).  ^■^- 

It  is  difficult  to  compare  the  amount  of  proteinase  from  different  animals.  In 
general,  proteinase  is  more  active  in  carnivorous  than  in  herbivorous  animals. 
Proteinases  are  very  weak  in  lamellibranch  and  herbivorous  gastropod  molluscs 
and  in  tunicates,^''"  but  are  powerful  in  coelenterates,  echinoderms,  and 
cephalopods.  In  carnivorous  insects  such  as  cockroaches  proteinases  are  strong, 
whereas  they  are  weak  in  herbivorous  insects.  ^"^ 

Distribution  of  Peptidases.  Exopeptidases  are  widely  distributed  (Table 
27).  They  have  a  broad  pH  optimum  in  the  low  alkaline  range.  In  mammals 
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TABLE  27 
CHARACTERISTICS  OF  EXOPEPTIDASES  {POLY-  AND  Dl-PEPTIDASES) 


Tissue  extracted 

pH 

Animal 

or  digestive  fluid 

Substrate 

optimum 

Enzyme 

Protozoa 

Trypanosoma 

chloracetyltyrosine 

4.49 

carboxypept. 

evansii"" 

leucyldiglycine 

8.4 

aminopept. 

glycylglycine 

7.8 

dipeptidase 

Amoeba-" 

cytoplasmic  matrix 

alanylglycine 

7.4 

dipeptidase 

Chaos™'' 

cytoplasmic  matrix 

alanylglycine 

7.4 

dipeptidase 

Paramecium"" 

whole  body 

alanylglycine 

7.4-7.6 

dipeptidase 

Paramecium"** 

whole  body 

glycylglycine 

8.0 

dipeptidase 

chloracetyltyrosine 

7.0 

carboxypept. 

leucyl-glycyl-glycine 

6.7-7.7 

aminopept. 

Didinum*" 

whole  body 

alanylglycine 

7.4-7.6 

dipeptidase 

Coelenterata 

Actinia*^ 

mesent.  filaments 
gastric  fluid 

glycylglycine 

8.24 

dipept. 

Annelids 

Haemopsis 

intest.  wall 

glycylglycine 

7.8 

dipept. 

(leech)~ 

leucyldiglycine 

8.0 

aminopept. 

chloracetyltyrosine 

7.8 

carboxypept. 

Mollusca 

Murex"^ 

midgut  glands 

chloracetyltyrosine 

7.6 

carboxypept. 

entire  tract 

leucyldiglycine 

8.2 

aminopept. 

esoph.  glands 

diglycine 

8.2 

dipept. 

Helix^" 

crop  juice  & 
hepatopanc. 

leucyldiglycine 

7.6 

aminopept. 

Helix,  Limax, 

stomach  juice. 

leucylglycine 

7.3 

dipeptidase 

Arion^" 

hepatopancreas 

Polypus'" 

crop  juice,  all 
tract  but  ant. 
sal.  gin. 

chloracetyltyrosine 

8.1-8.3 

carboxypept. 

all  tract  but  ant. 

leucyldiglycine 

7.7-7.9 

aminopept. 

sal.  gin.  &  crop 

entire  tract 

diglycine 

7.9-8.6 

dipept. 

Sepia"" 

liver 

leucyldiglycine 

8.2 

aminopept. 

glycylglycine 

8.2 

dipept. 

chloracetyltyrosine 

5.5 

carboxypept. 

pancreas 

leucyldiglycine 

7.7 

aminopept. 

glycylglycine 

7.8 

dipept. 

Arthropods 

Limulus'"' 

hepatopancreas  & 

glycylglycine 

8.2 

dipeptidase 

stomach  juice 

chloracetyltyrosine 

7.0 

carboxypept. 

Feripalopsis"'" 

saliva 

leucyldiglycine 

aminopept. 

gut 

leucyldiglycine 

all  done 

aminopept. 

chloracetyltyrosine 

at  7.0 

carbo.v\  pept. 

leucylglycine 

dipept. 

Daphnia"' 

v\'hole  body 

done  at 
7.8 

di-,  amino-, 
carboxy-,  pept. 

Astacus""' 

gastric  juice 

leucylglycine 

7.5-9 

dipeptidase 

Astacus"" 

gastric  juice 
&  hepatopanc. 

leucyldiglycine 

7.3-8 

aminopept. 

Astacus'"'' 

gastric  juice 

glycylglycine 

9.0 

dipeptidase 

Maja"-'' 

gastric  juice 

leucyldiglycine 

8.2 

aminopept. 

diglycine 

8.4 

dipept. 
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TABLE  27  (continued) 
CHARACTERISTICS  OF  EXOPEPTIDASES  (POLY-  AMD  DLPEPTIDASES) 


Tissue  extracted 

pH 

Animal 

or  digestive  fluid 

Substrate 

optimum 

Enzyme 

Bombyx'' 

larvae 

8.0 

dipept. 

Carabus  &  other 

beetles^™ 

crop,  gut,  malp. 
tubes 

leucyldiglyc. 

done  at 
7.6 

strong  aminopept. 

midgut 

chloracetylglyc. 

7.0 

weak  carboxypept. 

midgut  &  elsewhere  diglycine 

done  at 

strong  dipept. 

7.9 

Crickets'™ 

crop,  ceca 

Icucylglycylglycine 

strong  aminojjept. 

malp.  tubes 

chloracetyltyrosine 
diglycine 

weak  carboxypept. 
moderate  dipept. 

Periplaneta'"'" 

gut,  max. 
posteriorly 

glycylglycine 

dipeptidasc 
weak  aminopept. 

malp.  tubes 

leucyldiglycine 
chloracetyltyrosine 

weak  carboxypeptic 

Tineola'" 

intest.  juice 

alanyldiglycine 

8.6 

7.5 

aminopept. 
dipept. 

Galleria*" 

intest.  juice  & 
extract 

alanylglycine 

8.1 

7.8 

aminopept. 
dipept. 

Echinodermata 

Distolasterias" 

pyloric  ceca 

chloracetyltyrosine 

7.75 

carboxypept. 

leucyldiglycine 

7.85 

aminopept. 

glycylglycine 

8.2 

dipept. 

stomach 

leucyldiglycine 

8.2 

aminopept. 

glycylglycine 

8.2-8.4 

dipept. 

Chordata 

Cvprinus 

intest.  wall 

glycylglycine 

>8.7 

dipept. 

(carp)'"^ 

(none  in  pancreas^ 

Esox(Hecht)'" 

■*  intestine 

glycylglycine 

done  at 

dipept. 

Acanthias^'^ 

pancreas 

8.0 

dipept.  present 

Frog^« 

intestine 

dipept.  present 

Mammals'"^ 

pancreas 

chloracetyltyrosine 
leucylglycyltyrosine 

7.4 

ca  rboxy  peptidase 

Mammals'''' 

intestinal  juice 

leucyldiglycine 

8.0 

aminopeptidase 

intestinal  mucosa 

leucyldiglycine 

>8.0 

leucylpeptidase 

Mammals'" 

intestinal  juice 

leucyldiglycine 

7.2 

aminopeptidase 

Mammals'" 

intestinal  juice 

leucylglycine 

8.0 

di  peptidase 

carboxvpeptidase  occurs  along  with  trypsinogen  in  the  pancreatic  juice;  amino- 
peptidase  and  dipeptidase  together  constitute  the  enzyme  formerly  called 
erepsin  of  the  intestinal  juice  and  may  act  intraccllularly.  There  is  evidence 
that  mammalian  intestinal  mucosa  elaborates  an  enzyme  leucylpeptidase,  in 
addition  to  aminopeptidase  and  dipeptidase.  Leucylpeptidase  attacks  leucyl- 
diglycine but  not  triglycine,  and  is  activated  by  magnesium  ions.'*"''  **"'  Car- 
boxypeptidase  occurs  separately  from  the  other  peptidases  in  several  animal 
groups.  In  Paramecitnn  extracts  the  carboxypeptidase  is  said  to  be  activated 
by  cathepsin  activators  (H^S,  HCN,  cysteine);  the  aminopeptidase  and  the 
dipeptidase  are  not.  ^'^^  In  the  onychophoran  Peripatopsis  the  saliva  contains 
a  carboxypeptidase  alone,  and  the  gut  in  general  contains  the  three  pepti- 
dases. "^     Similar  separation  of  carboxypeptidase  occurs  in  Murex  ^^^    and 
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in  the  starfish.  ^^'  In  some  insects  the  carboxypeptidase  is  relatively  weak, 
compared  with  the  aminopeptidase  and  dipeptidase.  ^^^  The  dipeptidase  ot 
Amoeba  proteus  is  found  in  the  cytoplasmic  matrix.  "*^  The  dipeptidase  of 
Didinium  is  similar  to  that  of  its  prey  Paramecium,  and  the  amounts  are  addi- 
tive when  Didinium.  is  feeding;  hence  the  dipeptidase  of  this  animal  is  prob- 
ably derived  directly  from  its  food.  ^"^  In  some  trypanosomes  the  pH  optimum 
of  carboxypeptidase  is  lower  than  the  optimum  of  other  peptidases.  ''^  The 
peptidases  are  relatively  similar  in  all  animals,  and  carboxypeptidases  often 
occur  separately  from  aminopeptidases  and  dipeptidases. 

DIGESTION  OF  CARBOHYDRATES 

Plants  synthesize  a  vast  array  of  carbohydrates.  Animals  can  break  down 
some  of  these  and  can  modify  a  few  of  them  synthetically. 

Nature  of  Carbohydrates  and  Carbohydrases.  Carbohydrates  are  hydrolized 
to  monosaccharides,  mostly  hexoses  (six-carbon  sugars),  less  often  pentoses, 
and  rarely  tetroses,  trioses,  and  dioses.  Hexoses  can  be  pictured  as  carbon- 
oxygen  rings  with  side  groups  attached  in  a  variety  of  patterns.  All  the  natural 
sugars  used  by  animals  are  D-sugars.  However,  a  D-sugar  may  exist  in  two 
isomeric  forms,  of  which  the  a-form  is  more  strongly  dextrorotatory  than  the 
yS-form.  The  structure  of  a-  and  (S-glucose  differs  in  the  position  of  the  H  and 
OH  on  carbon  No.  1  and  is  represented  as  follows: 


a-glucose  (rotation  -f-  H  1  ^ ) 


/? -glucose  (rotation  -|-19") 
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Monosaccharides  are  combined  to  form  disaccharides  and  trisaccharides. 
The  structure  of  sucrose  is  given  as: 
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a-glucose 


/J-tructose  (fructofuranose) 
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A  classification  of  glycosides  commonly  used  as  substrates,  that  is.  natural 
disaccharidcs  and  glucosides  with  their  monosaccharide  components,  follows: 
a-glucosides: 

a-maltose'~^2  a-glucose 

sucrose'*' -^a-glucose  -f-  /^-fructose 

a-methyl  glucoside-*o-glucose  +  methyl  alcohol 


/if -glucosides: 


a-galactosides: 


cellobiose^/y-glucose  +  /3-glucose 
salicin->^-glucose  -f  saligenin 
/:^-gentiobiose-^2  /y-glucose 
/i-methyl  glucoside-^/:;-glucose  +  methyl  alcohol 


t- 


melibiase 


*a-galactose-|-sucrose 


/S-galactosides: 


rafhi 


'a-melibiose  -)-  fructose 
a-melibiose^galactose  -|-  glucose 
a-methyl  galactoside-^a-galactose  +  methyl  alcohol 


/J-lactose— ^y^-galactose+a-glucose 
^-methyl  galactoside-^^tf-galactose  +  methyl  alcohol 
/J-fructosides  (fructofuranosides) : 

sucrose '^■^/3-fructose  +  a-glucose 
raffinosef-^/y-fructose-f-a-melibiose 

Polysaccharides  are  highly  polymerized  carbohydrates  which  occur  in  great- 
est variety  in  plants  as  stored  food  and  as  structural  elements.  The  most  im- 
portant storage  carbohydrate  is  starch  and  its  animal  homologue  glycogen. 
Starch  and  glycogen  are  complex  molecules  built  of  a-glucoside  units  together 
with  small  amounts  of  other  compounds.  Starch  grains  are  digested  by  animal 
amylase  (diastase)  only  if  boiled  or  broken  mechanically,  or  if  the  coating 
amylopectin  of  the  starch  grains  is  broken.  In  the  course  of  digestion  a  series 
of  dextrins  are  formed,  with  maltose  split  ofiF  at  each  step.  Glycogen  can  be 
hydrolyzed  by  the  same  amylase  that  splits  starch;  reports  of  a  separate  glyco- 
genase  are  questionable. 

The  most  important  structural  polysaccharide  of  plants  is  cellulose,  which 
makes  up  the  bulk  of  plant  cell  walls.  This  is  built  of  chains  of  /S-glucoside 
units,  is  much  less  soluble  than  starch,  and  is  resistant  to  boiling  and  mild  acid 
treatment.  Many  microorganisms  and  a  few  metazoa  have  enzymes  which  can 
attack  cellulose.  Perhaps  the  reason  most  animals  are  unable  to  digest  cellulose 
is  that  their  glucosidase  and  amylase  act  only  on  a-compounds.  A  few  animals 

*Sucrose  can  be  attacked  from  the  /J-fructose  or  the  al-glucose  end.  The  best  known 
sucrase  is  from  yeast  and  is  a  fructofuranosidase,  whereas  animal  sucrase  is  probably  an 
a-glucosidase. 

tRaffinose  is  a  trisaccharide  which  can  go  to  galactose  plus  sucrose  by  the  enzyme 
melibiase  or  to  melibiose  +  fructose  by  yeast  saccharase.  There  is  lack  of  agreement  as 
to  whether  animals  attack  raffinose  with  an  a-galactosidase  or  with  a  /J-fructofuranosidase. 
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appear  able  to  synthesize  cellulose;  the  test  (coat)  of  several  tunicates  CPhallu- 
sta  and  Molgida')  contains  a  structural  carbohydrate  which  appears  to  be 
identical  with  plant  cellulose.  *'*'•  ^'''^ 

Another  polysaccharide  which  is  synthesized  by  some  animals  and  plants  is 
chitin.  This  is  a  nitrogen-containing  compound  which  is  split  by  chitinase  to 
acetyl-glucosamine.  Very  few  animals  possess  chitinase.  Several  other  plant 
polysaccharides  are  occasionally  digested  by  animals.  These  polysaccharides 
include  lichenin,  pectin,  xylan,  inulin,  and  others. 

Carbohydrascs  illustrate  well  the  various  types  of  specificity  of  enzymes.  ^'^■' 
(1)  Absolute  or  type  specificity  is  shown  by  enzymes  attacking  different 
members  of  a  class.  Amylase  attacks  starch,  dextrin,  or  glycogen.  Disacchari- 
dases  are  effective  only  on  small  carbohydrate  polymers.  Glucosidases  are 
probably  distinct  from  galactosidases.  (2)  Stereochemical  specificity  is  shown 
by  the  fact  that  an  enzyme  such  as  maltase  attacks  many  a-glucosides,  whereas 
^S-glucosides  are  attacked  only  by  /^-glucosidases.  (3)  Relative  specificity  or 
specificity  within  a  class  is  shown  by  the  different  rates  at  which  a  given  a-  or 
/J-glucosidase  attacks  various  substrates  within  the  class  specified. 

The  best  known  carbohydrascs  are  from  plants  and  especially  yeasts,  in 
which  these  enzymes  occur  in  great  variety.  Animal  biochemists  have  been 
concerned  more  with  the  enzymes  of  carbohydrate  utilization  (intermediary 
metabolism)  than  with  those  of  carbohydrate  hydrolysis  (digestive  metab- 
olism). In  general,  carbohydrascs  are  not  restricted  to  a  very  narrow  pH  range, 
but  for  the  most  part  they  function  near  neutrality. 

Distribution  of  Polysaccharidases.  The  majority  of  mammals  have  a  pan- 
creatic amylase  which  attacks  starch  and  glycogen,  and  intestinal  enzymes 
acting  on  maltose,  sucrose,  and  lactose.  Probably  the  same  enzyme  acts  on 
maltose  and  sucrose,  but  at  different  rates.  Most  investigations  of  carbohydrascs 
in  digestive  fluids  and  tissue  extracts  of  other  animals  have  been  limited  to  the 
few  substrates  which  are  used  by  man.  However,  the  number  of  carbohydrascs 
of  many  invertebrates,  although  not  so  great  as  the  number  of  carbohydrascs 
of  some  bacteria,  yeasts,  and  fungi,  greatly  exceeds  the  number  of  enzymes 
found  in  mammals.  Data  on  those  animals  which  have  been  studied  with 
respect  to  various  carbohydrate  substrates  are  given  in  Tables  28  and  29. 

Starch  Digestion.  Animal  amylases  are  a-glucosidases.  The  amylolytic 
activity  of  three  protozoans  diminishes  in  the  following  order:  Amoeba  > 
Paramecium  >  Frontonia.  *"'  An  extract  of  Pelomyxa  yields  an  active  amy- 
lase. •^•*  However,  Mast  states  that  Amoeba  proteus  cannot  digest  starch  if  it 
has  not  ingested  live  food  recently,  and  that  the  amoeba  takes  over  the  amylase 
from  such  organisms  as  Chilomonas,  on  which  it  preys.  In  coelenterates 
amylase  acts  intraccllularly  in  mesenteric  filaments  and  may  be  optimal  in  a 
slightly  acid  medium.  '^•''  In  annelids  an  extracellular  amylase  occurs  in 
stomach  and  intestine.  Sahella  digests  starch  and  glycogen  best  at  pH  6.8.  *-'' 
Starch  is  said  not  to  be  digested  by  rhabdococl  flatworms.  '^■"'  In  madrepore 
corals  which  contain  symbiotic  zooxanthcllae  in  the  mesenteric  filaments, 
there  is  in  the  symbionts  a  weak  amylase  \\'ith  pl  1  optimum  at  4.75;  the  coral 
may  in  addition  have  a  glycogcnase  with  a  pi  I  optimum  at  6.5.  ^**** 

Herbivorous  molluscs  have  an  active  amylase,  in  either  the  hepatopancreas 
or  style,  or  in  both.  Amylase  is  found  in  salivary  glands  of  Aplysia  '''  and 
Limnaea.  •*'-'     Also  the  amoebocytcs  of  the  digestive  tract  of  the  oyster  can 
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digest  starch  and  glycogen  (pH  optimum  of  extract  of  the  amoebocytes  is  7.0), 
and  several  sugars.  '*=-  All  lamellibranchs  and  most  herbivorous  but  no 
carnivorous  gastropods  have  a  crystalline  style  which  is  an  albuminoid  mass 
saturated  with  amylase,  sometimes  also  containing  a  weak  maltase.  '*"'•  This 
style  is  secreted  by  the  st\le  sac  (Fig.  29,  A);  it  may  be  dissolved  or  re-formed 
in  less  than  an  hour,  '-"  and  is  lost  from  clams  kept  in  air.  The  style  is  pushed 
forward  by  cilia  in  the  style  sac,  and  the  tip  wears  against  a  gastric  shield  which 
protects  the  gastric  mucosa  '-"  or  aids  liberation  of  amylase.  '''■*'  '^"  The  pH 
optimum  of  style  amylase  is:  for  Ostrea  5.9-6.2,  '^"  Pecten  6.2,  ''-  Mactra 
and  Mya  6.5-7.0.  ''^-  The  pH  curve  for  amylase  of  the  style  of  Mytilufi  shows 
a  broad  optimal  range  with  peaks  at  5.9  and  6.9  on  starch  and  at  6.24  on 
glycogen.  -'^  The  amylase  of  the  style  of  Ostrea  acts  best  at  6.0,  whereas  that 
of  the  digestive  diverticula  is  optimal  at  pH  6.4.  '^-'  In  carnivorous  gastropods 
the  style  is  absent  and  a  weak  amylase  is  present  in  the  hepatopancreas. 

Amylase  is  present  in  gastric  fluid  and  extracts  of  the  hepatopancreas  of 
Crustacea.-'*'  '"*•  '••"  It  is  reported  from  the  saliva  of  PeripatopsisJ'-'  Amylase 
is  found  in  secretions  of  the  mid-gut,  chiefly  from  the  caeca,  of  many  insects, 
and  in  salivary  secretions  of  some  such  as  the  cockroach  Blatta.  "''°  The 
tsetse-fly  Glossina  has  as  its  only  carbohydrase  a  weak  amylase  in  the  mid-gut, 
whereas  a  non-blood-sucking  fly  Calliphora  has  active  amylase  in  both  salivary 
and  mid-gut  glands.  '^*^  Amylase  has  been  found  in  the  mid-gut  of  honeybees 
by  some  but  not  by  all  of  those  who  have  looked  for  it.  Starch  solution  is  not 
drunk  in  quantity  by  bees  unless  combined  with  sweet  syrup;  boiled  soluble 
starch  can  be  hydrolyzed  in  the  digestive  tract,  '"'  and  bees  certainly  utilize 
the  starch  in  pollen.  The  amylase  of  most  insects  acts  in  a  slightly  acid  medium, 
but  an  amylase  in  the  silkworm  has  an  optimal  pH  of  9.6  or  higher.  '"^^ 

The  caecum  of  Amphioxus  secretes  an  amylase  with  pH  optimum  of  7.0.  ^^ 
All  vertebrates  have  an  active  amylase  in  the  pancreatic  secretion.  Hepatic 
amylase  occurs  in  the  bile  of  chickens,  sheep,  and  cattle.  ''-  Among  mammals, 
a  salivary  amylase  is  found  in  man,  apes,  elephant,  and  pig.  Its  occurrence  is 
doubtful  or  slight  in  rodents,  dogs,  and  several  ungulates.  ^"'^  Salivary  amylase 
is  generally  present  in  birds  and  a  trace  occurs  in  frogs.  '^'  Human  salivary 
amylase  has  a  pH  optimum  of  6.2,  contrasted  with  an  optimum  of  6.8-7.1  for 
pancreatic  amylase. 

It  is  probable  that  all  animal  amylases  are  similar,  despite  slight  differences 
in  pH  optima.  All  appear  to  be  a-amylases.  The  animal  amylases  are  activated 
by  CI  ions  (in  NaCl)  and  lose  their  activity  on  dialysis.  '""'  flydrolytic 
digestion  of  glycogen  is  brought  about  by  amylase  and  there  is  probably  no 
specific  glycogenase. 

Cellulose  Digestion.  Enzymes  which  attack  cellulose  have  evolved  inde- 
pendently in  several  diverse  groups  of  organisms.  Digestion  of  cellulose  by 
putrefactive  bacteria  and  fungi  is  well  known,  but  cellulase  has  not  been 
studied  in  any  free-Hving  Protozoa,  except  Vampyrella.  However,  several 
groups  of  parasitic  Protozoa  can  digest  cellulose. 

Cellulases  have  been  found  in  digestive  extracts  of  earthworms,  some  snails 
{Helix  and  Limnaea),  and  the  wood-boring  bivalve  Teredo.  Extensive  studies 
of  the  kinetics  of  Helix  cellulase  were  made  by  Karrer,  '^^  and  the  difference 
from  plant  cellulase  was  pointed  out.  ''*'  Wood  contains  various  carbohy- 
drates, cellulose,  hemicellulose,  lignin,  starch,  and  sugars,  and  wood-dwelling 
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animals  utilize  different  compounds.  In  the  digestive  tract  of  Teredo  wood 
loses  80  per  cent  of  its  cellulose  and  15  to  50  per  cent  of  its  hemicellulose.''"'  ■*^ 
The  nutrition  of  wood-boring  insects  is  summarized  by  Wigglesworth,^^" 
and  Mansour  and  Mansour-Bek,  ^^'  and  data  for  beetles  are  given  by  Man- 
sour  and  Mansour-Bek,  ^^-  Ripper,  '■'"  and  Parkin,  ^■^-  and  data  for  term- 
ites by  Cleveland  •''^'  ^"  and  Hungate.  "''  Wood  insects  can  be  grouped  into 
several  categories:  (1)  In  some— Lyctidae,  or  powder  post  beetles,  and  Bos- 
trychidae— only  the  stored  food,  starch  and  sugar  in  wood  is  used,  and  the 
cellulose  is  unchanged  in  the  digestive  tract;  these  insects  contain  no  micro- 
organisms which  can  act  on  cellulose.  (2)  The  bark  beetles  (Scolytidae) 
consume  the  cell  contents  of  the  wood  and  can  also  digest  hemicelluloses. 
Other  specific  compounds  are  digested  by  other  insects,  as  xylan  by  the  Ceram- 
bycid  larva  Phymatodes.  m.^i-  (3)  Numerous  Cerambycidae  and  Anobiidae 
do  digest  cellulose.  These  insects,  which  either  lack  organisms  that  can  digest 
cellulose  or  else  have  them  at  early  stages  and  then  lose  such  organisms,  have 
true  cellulase  in  their  own  digestive  secretions  and  can  attack  heartwood, 
which  is  low  in  sugar.  (4)  Several  groups  of  insects  harbor  in  their  digestive 
tracts  bacteria  and  flagellate  Protozoa  which  can  digest  cellulose.  Larvae  of 
lamellicorn  beetles  have  in  the  proctodaeal  chamber  of  the  digestive  tube 
bacteria  which  can  split  cellulose,  and  flagellates  which  cannot  do  so.  In  three 
families  of  termites  and  in  the  wood-feeding  cockroach  Cryptocercns  the 
hind-gut  is  laden  with  bacteria  and  flagellates. '^^^  •^'■^'  ■*"  A  cellulase  can  be 
extracted  from  the  hind-gut  contents;  the  insects  can  live  well  on  pure  cellu- 
lose. The  protozoan  fauna  can  be  removed  if  the  host  animals  are  incubated, 
starved,  subjected  to  high  oxygen  tension  or  high  temperature,  and  after 
defaunation  (but  while  still  possessing  bacteria)  the  termites  or  roaches  die 
in  a  few  days  or  weeks  on  a  diet  of  cellulose.  Such  defaunated  termites  can 
survive  if  fed  glucose  or  cellulose  predigested  by  fungus,  or  if  the  Protozoa  are 
restored.  The  flagellates  produce  glucose  from  cellulose  in  mass  culture  and 
live  on  purified  cellulose  as  the  exclusive  carbohydrate.  ^*''^  Particles  of  wood 
are  engulfed  and  digested  inside  the  protozoan.  The  flagellates  also  produce 
lower  fatty  acids,  particularly  acetic  acid;  their  metabolism  is  anaerobic.  '^'^ 
In  one  family  of  termites  bacteria  are  the  organisms  acting  on  cellulose.  There 
has  been  some  question  whether  the  termites  derive  their  nourishment  from 
the  bodies  of  the  flagellates,  ^^^  from  the  glucose  formed,  "*"  or  from  the  lower 
fatty  acids.  ^'^  Current  evidence  favors  the  fatty  acids  as  being  the  most 
important.  Termites  survive  but  do  not  mature  and  reproduce  on  cellulose 
without  nitrogen;  wood  contains  some  nitrogen,  and  in  decaying  logs  fungi 
transport  soil  nitrogen  to  the  wood  from  which  it  is  taken  by  the  termites.  '^ 
Proteolytic  enzymes  of  termites  have  not  been  investigated;  however,  numerous 
wood-boring  beetles  are  known  to  have  proteases.  ^•^- 

In  ruminant  animals  symbiotic  microorganisms  also  digest  cellulose.  The 
rumen  usually  contains  a  mixture  of  bacteria,  yeast,  and  ciliated  Protozoa. 
Cultures  of  the  Protozoa  showed  that  Entodinium  does  not  digest  cellulose, 
whereas  several  Diplodinia  do  digest  it.  '"  However,  the  action  of  these 
Protozoa  is  small,  compared  with  that  of  the  bacteria,  and  in  numerous  experi- 
ments, ruminants  (lambs  and  goats)  have  been  freed  of  the  Protozoa  by 
starvation  and  injections  of  copper  sulfate  into  the  paunch.  Such  defaunated 
animals  shows  no  nutritional  deficiency.  ^^^  '-^     Digestion  of  cellulose  is  car 
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lied  out  by  the  bacteria  of  the  rumen,  and  the  ciliates  are  commensals  rather 
than  s\mbionts.  "-  The  bacteria  produce  some  sugar  and  large  amounts  of 
volatile  fatty  acids,  particularly  acetic  and  propionic.  ■''"  At  the  peak  of 
digestion  the  rumen  of  a  sheep  may  contain  6  to  9.7  gm.  per  cent  of  fatty  acid, 
compared  with  0.269  gm.  per  cent  in  the  dry  food;  these  products  of  bacterial 
action  can  be  absorbed  from  the  rumen,  as  shown  by  blood  analyses."""'  They 
are  also  absorbed  in  lower  regions  of  the  digestive  tract.  In  addition,  any 
organisms,  bacteria  or  Protozoa,  which  pass  into  the  abomasum  or  true  stomach 
are  instantly  killed  by  the  acid  medium  and  are  then  digested  by  the  enzymes 
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of  the  host  animal. "^  In  nonruminants,  such  as  the  horse,  the  caecum  contains 
a  wealth  of  bacteria  which  break  down  cellulose;  absorption  from  the  caecum 
seems  not  to  have  been  studied.  Even  in  man  some  hemicellulose  '-^  and 
pectin  '"  are  digested  by  organisms  of  the  large  intestine,  but  it  is  assumed, 
although  not  pro\ed.  that  the  products  are  not  absorbed. 

The  rare  occurrence  of  cellulases  among  animals  may  be  correlated  with  the 
rarity  of  ^-glucosidases.  As  shown  in  Tables  28  and  29,  each  animal  which 
has  a  cellulase  probably  has  also  a  /:^-glucosidase,  and  animals  which  digest 
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starch  can  also  digest  a-glucosides.  It  is  likely  that  the  stereochemical  specificity 
of  the  enzyme  which  attacks  the  polysaccharide  is  similar  to  that  of  the  enzyme 
which  attacks  the  sugar.  No  vertebrate  has  evolved  a  cellulase  of  its  own,  and 
none  has  a  /;^-glucosidase.  Certainly  the  discovery  of  a  way  to  introduce  and 
maintain  cellulose  digestion  in  the  human  digestive  tract  would  go  far  to 
circumvent  the  situation  postulated  by  Malthus. 

Other  polysaccharides  than  starch,  glycogen,  and  cellulose  are  not  much 
used  as  animal  foods.  In  its  carbohydrases  the  snail  Helix  is  the  most  versatile 
animal  of  those  which  have  been  studied  (Table  28).  Some  early  reports  of 
widespread  digestion  of  inulin,  pectin,  and  chitin  require  authentication  and 
are  not  included  in  Tabic  28.  It  would  be  interesting  to  know  if  all  animals 
which  digest  inulin  also  have  a  /3-fructosidase.  Lichenin  is  digested  by  many 
invertebrates— sponges,  earthworms,  crayfish,  tunicates,  '*•''  and  many  insects, 
1.^0,  164    i^^f  probably  not  by  any  vertebrates. 

Distribution  of  Glycosidases.  Disaccharidc  and  trisaccharide  sugars  must 
be  broken  down  to  their  component  hexoses  before  they  can  be  absorbed.  The 
number  of  animal  enzymes  is  limited,  compared  with  the  number  present  in 
plants;  these  enzymes  show  stereochemical  specificity  and  it  is  probable  that 
several  sugars  of  one  type  are  digested  by  the  same  enzyme.  Table  29  shows 
the  distribution  of  glycosidases,  as  indicated  by  the  sugars  digested  or  utilized 
by  those  animals  in  which  a  series  has  been  tested.  Maltase  (a-glucosidase) 
is  more  generally  distributed  than  any  other  carbohydrase,  in  combination 
with  amylase  or  separately.  Sometimes  a  weak  maltase  occurs  with  the  amylase, 
as  in  human  saliva  or  in  the  crystalline  style,  and  a  stronger  maltase  elsewhere 
as  in  the  human  intestine  or  in  the  molluscan  diverticula.  Maltase,  like  other 
hexosidases,  has  a  broad  pH  optimum,  usually  weakly  acid,  pll  6  to  7.  The 
pH  optimum  for  the  maltase  of  several  molluscs  and  crustaceans  is  lower  than 
for  vertebrate  maltase.  In  the  silkworm  the  pf^  optimum  for  intestinal  maltase 
is  6.8,  whereas  the  pH  of  the  intestinal  contents  is  very  alkaline,  pH  9.5;  hence 
it  is  probable  that  starch  is  digested  to  maltose  in  the  lumen  (amylase  optimum 
pH  9.5),  and  that  digestion  by  maltase  is  completed  inside  the  epithelial 
cells.  ^•''^  Mammals  have  a  strong  intestinal  and  an  extremely  weak  pan- 
creatic maltase,  whereas  in  fish  and  frogs  there  is  a  strong  pancreatic  maltase; 
reptiles  have  more  actixe  intestinal  maltase.  ^^~ 

/Vnimal  sucrase  (saccharase)  is  an  a-glucosidase;  yeast  sucrase  (invertase) 
is  a  /i-fructosidase.  Maltase  activity  and  sucrase  activity  go  together,  and  the 
pfl  optima  are  identical  or  closely  similar.  There  may  be  differences  in  the 
rates  at  which  the  two  substrates  are  attacked.  Separate  enzymes  attacking 
maltose  and  sucrose  have  not  been  isolated  from  any  animal,  and  it  is  entirely 
possible  that  the  same  enzyme  acts  on  both  sugars.  ^■''•'  Existence  of  such 
activity  is  rendered  more  probable  by  the  fact  that  when  one  a-glucoside  is 
digested  by  a  tissue  extract  or  digestive  fluid,  other  a-glucosides  are  also  at- 
tacked (Table  29).  The  few  exceptions  noted  were  reported  in  older  obserxa- 
tions  (e.g.,  on  pulmonates,'"'*  on  Chrysnps,''''^  and  on  /l/'is^"^),  and  these 
should  be  re-examined.  An  enzyme  of  the  a-glucosidasc  class  is  probably 
present  in  all  animals. 

Other  sugars  are  not  so  unixersallv  digested.  Lactose  is  digested  by  a 
/i^-galaclosidase  in  the  mammalian  intestine  but  is  said  not  to  be  digested  in 
the  intestine  of  turtle  or  carp.  "'"     Lactose  is  not  digested  by  some  crustaceans 
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and  insects  (Table  29).  It  is  not  clear  whether  raffinose  is  digested  in  animals 
by  an  a-galactosidase  or  by  a  /?-fructosidase,  although  observations  on  blow- 
flies ^^  indicate  the  enzyme  is  an  «-galactosidase.  This  sugar  is  digested  by 
some  molluscs. 

Table  29  shows  that  the  sugar-digesting  enzymes  of  various  animals  are  not 
the  same  and  that,  except  for  maltose  and  sucrose  (probably  all  a-glucosides), 
no  group  of  sugars  is  used  by  all  animals.  Present  limited  data  indicate  that 
disaccharidases  occur  by  stereochemical  classes  and  that  the  utilization  of 
sugars  can  be  accounted  for  by  relatively  few  enzymes  in  any  one  group  of 
animals.  For  example,  the  utilization  of  eight  out  of  twelve  sugars  by  blowfly 
adults  can  be  accounted  for  by  postulating  an  a-glucosidase  and  an  a-galactosi- 
dase but  no  /?-glucosidase  or  yS-galactosidase.  ^^  In  mammals  only  an  a-glucosi- 
dase and  a  yS-galactosidase  are  used. 

Sugar  digestion  may  change  with  age.  Honeybee  larvae  can  use  lactose,-** 
adults  cannot.  ^•^■''  Sucrase  first  appears  in  the  pharyngeal  gland  of  the  worker 
bee  when  it  starts  foraging,  and  it  then  increases  very  greatly.  •'"*  Larvae  of 
numerous  moths  and  butterflies  ha\'e  sucrase  in  addition  to  a  lipase  and  pro- 
tease in  the  mid-gut,  whereas  those  adults  which  suck  nectar  have  salivary  and 
mid-gut  sucrase  but  no  other  digestive  enzymes,  while  nonfeeding  moths  have 
no  digestive  enzymes  whatever.  ^•''^-  ''^•'  Sugar  digestion  is  weak  in  carnivor- 
ous animals.  For  example,  the  blood-sucking  tsetse-fly  Chrysops  has  no  salivary 
carbohydrases  and  has  amylase  and  sucrase  only  in  the  stomach  (posterior  mid- 
gut), whereas  the  closely  related  non-blood-sucking  CaUiphora  has  amylase  in 
the  salivary  glands  and  active  amylase,  maltase,  and  sucrase  in  both  anterior 
and  posterior  mid-gut.  ^^^ 

Carbohydrates  are  absorbed  as  monosaccharides.  Part  of  the  sugars  in  mam- 
mals, at  least,  must  be  phosphorylated  in  the  intestinal  wall  before  they  are 
transferred  across  the  mucosa  and  into  capillaries.  Sugars  then  pass  to  the  liver, 
where  they  may  be  converted  to  glycogen  for  storage. 

DIGESTION  OF  FATS 

Fats  are  hydrolyzed  by  the  action  of  lipases  to  fatty  acids  and  alcohols. 
Neutral  fats  consist  of  higher  fatty  acids  linked  to  the  trihydric  alcohol 
glycerol : 
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where  R  refers  to  the  chain  of  fatty  acid  such  as  palmitic,  stearic,  or  oleic  acid. 
Neutral  fat  (triglyceride)  can  be  absorbed  without  hydrolysis  in  some  animals. 
Lipases,  at  least  the  extracts  of  them  which  have  been  prepared,  are  not  highly 
specific  as  to  substrate.    They  are  generalized  esterases  and  will  attack  most 
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organic  esters;  the  acid  can  be  a  short  chain  like  acetic  or  a  long  chain  like 
stearic,  and  the  alcohol  can  be  short  or  long  chained,  monohydric  or  poly- 
hydric.  Lipases  do  show  some  stereochemical  specificity,  however.  '•'  In  mam- 
mals waxes  are  not  usually  digested.  Lipases  can  be  tested  by  measuring  the 
acid  produced  from  such  substrates  as  olive  oil,  tributyrin,  or  ethyl  butyrate. 
Lipases  are  inhibited  by  aldehydes,  cupric,  mercuric,  and  ferric  ions,  and  by 
certain  anions,  and  are  actixated  by  some  reducing  agents.  '■'''■'  In  vertebrates 
the  action  of  pancreatic  lipase  is  enhanced  by  bile  salts,  sodium  glycocholate 
and  sodium  taurocholate.  Bile  salts  activate  lipase  and  also  facilitate  emulsifi- 
cation  of  fats,  thus  increasing  the  total  area  of  oil-water  interfaces  at  which 
lipases  can  act.  If  the  bile  duct  is  cut  or  occluded,  fat  digestion  continues  but 
is  retarded. 

In  Protozoa  fat  digestion  appears  not  to  be  very  active.  Fat  from  ingested 
Colpidiiim  is  digested  by  Amoeba  protens.  ^'"  In  Peloinyxa  ingested  or 
injected  fat  disappears  and  stained  fatty  acids  can  be  seen  to  pass  out  from 
vacuoles  into  the  cytoplasm,  where  they  may  be  synthesized  into  neutral  fat; 
hence  lipases  are  present  in  this  animal.  ^^° 

Fat  digestion  does  not  occur  in  the  gastrovascular  cavity  of  Hydra,  --  but 
a  lipase  is  present  in  this  cavity  in  Actinia.  '*^'  ^-  However,  fat  droplets  may 
be  absorbed  by  Hydra,  and  lipases  have  been  extracted  from  several  coelenter- 
ates.<^-"^  Rhabdocoel  turbellarians  digest  fat  rapidly.  ^^^ 

The  hepatopancreas  of  molluscs  secretes  or  contains  a  lipase  which  is  active 
at  a  pH  slightly  above  7.0  in  Mya,  ^^^  Ostrea,  "^"  and  My  tikis,  ''-^  and  there 
is  an  active  lipase  in  Helix  (pH  6.0)^'*'  '*•''  and  in  Aplysia."^^  In  Sepia  both 
the  stomach  juice  and  an  extract  of  the  liver  contain  a  lipase  with  a  pH 
optimum  at  6.0,  whereas  the  pancreatic  lipase  works  best  at  6.35.  ^^^  In 
annelids  the  lipases  are  less  important  than  they  are  in  molluscs.  A  lipase  (pH 
optimum  8.2-8.4)  is  present  in  the  leech  Haemopsis,  but  not  in  Hiriido.  ■* 

Arthropods  make  good  use  of  fats.  In  the  crayfish  a  lipase  is  active  on 
methylbutyrate  and  olive  oil  over  a  broad  pH  optimum  of  5.5  to  7.0,  and  the 
stomach  juice  contains  a  fat-dispersing  agent.  "^"'  ^"^  Extracts  of  Daphnia 
have  a  weak  lipase. "^'^  In  Liviulus  the  stomach  lipase  is  more  active  than  that 
from  the  hepatopancreas  (pH  optimum  7.7).  ^^■'  The  lipases  of  the  crayfish 
and  of  several  molluscs  (Aplysia,  Helix,  Octopus)  resemble  liver  esterases  of 
vertebrates  in  acting  better  on  lower  esters,  such  as  tributyrin  and  methyl- 
butyrate, than  on  fats  such  as  olive  oil.  ^^^^  ^'" 

Several  insects  have  been  shown  to  have  lipases,  particularly  in  the  mid- 
gut. ^""  The  mid-gut  lipase  can  be  regurgitated  into  the  crop  of  the  cock- 
roach. ^  The  digestive  tract  of  the  silkworm,  however,  contains  no  lipase,  or 
if  one  is  present  it  is  very  weak.  ^■^"*  The  wax  moth  larva  Galleria  uses  beeswax 
as  its  principal  food,  nearly  half  of  the  wax  consumed  being  digested  and 
assimilated.  '^^  The  mid-gut  contains  a  lipase,  ^^•'  but  larval  extracts  are 
ineffective  on  myricin,  the  ester  of  higher  alcohols  which  composes  much  of 
beeswax.  Bacteria  in  the  digestive  tract  probably  change  the  wax  so  that  it 
can  be  digested.  ^-'  '^^ 

The  hepatic  glands  of  the  prochordate  Glossobalaniis  contain  a  lipase  active 
on  triacetin  at  pH  6-7.  ^'^ 

Digestion  of  fat  in  vertebrates  is  primarily  intestinal.  A  gastric  lipase  has 
been  reported  with  pH  optima  of  6.3  in  dog  and  rabbit,  5.5  in  man,  8.6  in 
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horse,  and  7.9  in  pig  (Waldschmidt-Leitz,  cited  by  Sumner  and  Sommers.^^") 
This  gastric  lipase  is  not  physiologically  important;  at  least  it  cannot  be 
effective  at  the  pH  of  the  stomach.  Pancreatic  secretion  contains  most  of  the 
active  lipase  of  vertebrates.  In  fish  it  is  difficult  to  separate  pancreatic  tissue 
from  the  intestinal  wall,  and  extracts  of  the  intestinal  wall  (plaice^^)  or  of 
mtestinal  slime  (carp)  yield  a  Upase  which  is  active  m  a  weakly  alkaline 
medium.  In  the  plaice  Pleiironectes  fat  may  be  absorbed  in  the  stomach  after 
regurgitation  from  the  intestine.^^'  ^^  Pancreatic  lipase  is  more  effective  in 
the  presence  of  the  emulsifying  bile  salts. 

Bile  salts  alone  can  produce  neutral  fat  droplets  2/x  in  diameter,  but  together 
with  monoglycerides  they  can  produce  droplets  less  than  0.5/a  in  diameter, 
which  can  be  absorbed  directly.  ''"  In  mammals  part  of  the  fat  is  hydrolyzed 
and  the  fatty  acid  absorbed  into  the  mucosa,  whence  it  is  carried  in  the  blood 
to  the  liver.  A  large  part  of  the  fat  (2/3  to  3/4)  is  absorbed  into  the  lacteals 
and  transported  in  lymph  to  the  thoracic  duct;  it  was  formerly  thought  that 
all  the  fat  was  digested  and  soaps  formed  and  absorbed,  but  it  seems  more 
probable  that  finally  emulsified  neutral  fat  is  absorbed  directly  into  the  lac- 
teals. •'^"  It  appears,  then,  that  only  a  small  part  of  ingested  fat  is  hydrolyzed 
in  the  digestive  tract,  and  that  bile  salts  are  important  for  absorption  of  fat. 
The  neutral  fat  is  then  broken  down  elsewhere  in  the  body.  Deposited  fat  to 
some  extent  reflects  the  type  of  fat  ingested;  the  melting  point  of  subcutaneous 
fat  in  hogs  is  lower  when  the  pigs  are  fed  oils  of  low  melting  point  than  when 
they  are  fed  harder  fats.  Absorption  of  triglycerides  has  not  been  extensively 
examined  except  in  mammals. 

CORRELATIONS  OF  DIGESTIVE  ENZYMES  WITH  FOOD  HABITS; 

CONCLUSIONS 

Numerous  examples  on  the  preceding  pages  have  shown  that  the  pattern 
of  digestive  enzymes  differs  greatly,  even  among  closely  related  animals. 
Digestion  is  adapted  to  the  dietary  habits  in  that  a  given  kind  of  animal  may 
feed  on  and  digest  predominantly  protein  or  carbohydrate  or  even  one  sub- 
stance within  these  classes.  The  extent  to  which  digestion  is  labile  for  individu- 
als if  one  food  is  missing  and  another  substituted  has  hardly  been  considered, 
yet  this  must  be  the  way  new  food  habits  arise.  It  is  difficult  to  obtain  quanti- 
tative measures  of  the  amount  of  activity  of  a  given  digestive  enzyme  in 
different  animals,  and  in  only  a  few  groups,  such  as  insects,  ^'^  has  an  effort 
been  made  to  compare  amounts  of  enzymes  in  different  species.  Each  sort  of 
digestive  activity  has  usually  been  described  as  strong  or  weak,  present  or 
absent. 

Yonge  '^'''  ''■'"  has  pointed  out  that  two  trends  are  evident  in  the  relation 
of  feeding  behavior  and  diet  to  digestive  enzymes:  (1)  selection  exclusively 
of  food  that  can  be  digested,  and  (2)  indiscriminate  feeding.  Animals  of  the 
first  group,  food  specialists,  are  of  many  sorts.  The  carnivores,  or  meat  eaters, 
have  strong  proteases  and  weak  carbohydrases.  Animal  groups  with  strong 
proteolytic  activity  but  in  which  carbohydrases  are  weak  or  absent  are  coelen- 
terates,  Turbellaria,  Asteroidea,  cephalopod  molluscs,  stomatopod  crustaceans, 
and  some  insects.  '""  Many  coelenterates  lack  amylase;  they  digest  protein 
in  the  gastrovascular  cavity  and  may  have  very  weak  carbohydrases  intracel- 
lularly,  as  in  Mydra,--  in  madre^wre  corals  which  do  not  digest  sugars,'^" 
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in  actinians,'''  and  also  in  medusae."'*  Blowfly  larvae  have  active  pro- 
teases but  weak  carbohydrases  in  the  gut,  whereas  the  adults  have  good  carbo- 
hydrases  and  weak  proteases.  ''^  Carnivorous  carabid  beetles  have  good 
protein  digestion  but  weak  and  restricted  amylase  activity.  '''"  Fat  digestion 
is  present  in  carnivores,  but  data  are  inadequate  for  comparison  oF  Fat  digestion 
in  different  groups  oF  animals. 

Merbi\'ores  show  weak  proteolytic  power  but  have  active  carbohydrate 
digestion.  Many  marine  and  fresh-water  molluscs  (except  cephalopods)  feed 
on  phytoplankton  or  larger  aquatic  plants.  In  the  pclecypods  and  the  gastro- 
pods possessing  a  crystalline  style,  the  onlv  extracellular  digestion  is  of  starch, 
as  in  mussels,  ''^  and  clams  and  ovsters.  '^*'  Plant  food  is  triturated  in  the 
gizzard  of  Aplysia  " '  and  Limnaea.  ■^-  A  style  is  present  in  all  lamellibranchs, 
although  it  is  vestigial  in  the  carnivorous  septi branch  bivalves.  A  style  is  absent 
from  carnivorous  gastropods  and  is  present  in  only  those  herbivorous  gastro- 
pods which  feed  by  cilia  or  by  slow  continuous  radular  action.  '^"  1  he  tuni- 
cate Ciona  has  practically  no  protein  digestion  but  has  active  carbohydrases. 
i!s.5  Nectar-feeding  and  leaf-eating  insects  may  have  several  glandular  sources 
of  amylase  and  maltase.  Herbivorous  mammals  maintain  in  a  rumen  or  cecum 
a  microflora  which  permits  utilization  of  cellulose. 

In  addition  to  the  carni\'ores  and  herbivores,  there  are  many  extreme  special- 
ists. Most  spectacular  are  the  wood-eaters,  which  digest  cellulose  by  their  own 
enzymes  or  by  those  of  symbionts.  The  clothes  moth  is  able  to  reduce  the 
disulfide  linkages  of  keratin,  making  possible  digestion  of  wool  protein,  and 
the  wax  moth  can  utilize  the  polyglycerides  of  beeswax.  A  fly  larva  lives  in  oil 
wells,  digesting  insects  which  fall  into  the  oil,  and  possibly  using  symbiotic 
bacteria  which  break  down  the  hydrocarbons.  '*'-"  The  lamellibranchs,  a 
predominantly  herbivorous  class,  have  made  three  attempts  at  further  special- 
ization. ^'"^  In  the  Teredinidae  or  ship-boring  clams  the  valves  are  modified 
for  boring  and  a  cellulase  is  present  in  the  digestive  diverticula.  In  the  Tridac- 
nidae  of  the  tropical  Indo-Pacific,  phagocytic  amoebocytes  retain  zooxanthellae 
"which  are  farmed  in  the  mantle  edges."  The  Septibranchia,  deep-water 
molluscs,  have  the  mechanical  adaptations  for  meat  eating  in  a  crushing  gizzard 
but  no  extracellular  protease.  Other  specialists  rely  on  digestive  enzymes 
within  their  food.  Leeches  derive  nourishment  from  a  blood  meal  which  slowly 
autolyzes  in  the  gut.  "*  Didiniwn  uses  a  dipeptidase  from  Paranieciwn.  Some 
parasitic  animals  appear  to  have  lost  most  of  the  essential  digestive  enzymes 
and  rely  on  their  hosts;  for  example,  trypanosomes  '"'  and  parasitic  Platyhel- 
minthes,  which  have  fewer  enzymes  than  free-living  flatworms. 

The  animal  groups  most  successful  in  digesting  food  are  not  the  specialists, 
howe\^r,  but  the  omnivores  with  a  full  complement  of  enzymes,  as  some  snails 
(Helix),  cephalopods,  crustaceans,  many  insects,  and  the  vertebrates.  Proteins, 
carbohydrates,  and  fats  are  all  used  by  these  animals.  The  various  enzymes 
may  be  mixed  in  one  chamber,  as  in  snails  and  crustaceans,  or  may  be  secreted 
in  successive  parts  of  the  alimentary  apparatus,  as  in  vertebrates.  The  tendency 
toward  diversification  of  enzymes  appears  even  within  a  limited  food  habit. 
Helix,  for  example,  possesses  a  wider  range  of  carbohydrases  than  any  other 
animal  that  has  been  examined;  it  has  weak  protein  digestion,  but  is  a  very 
successful  genus.  Fishes  in  general  have  a  wide  series  of  enzymes  and  some 
are  said  to  digest  polysaccharides,  such  as  lichenin  and  amygdalin,  which  may 
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not  be  available  to  higher  vertebrates.  ^-  Cellulases  are  restricted  to  some 
microorganisms  and  to  a  very  few  invertebrate  animals.  Pepsin  and  an  acid 
stomach  are  distinctly  vertebrate  characters  which  have  been  lost  bv  several 
separate  groups  of  bony  fish,  Dipnoi,  some  cypridonts,  and  others.  ^^  Am- 
phioxus  and  the  cyclostomes  are  microphagous  and  have  not  acquired  a  pepsin. 
In  general,  intracellular  digestion  is  associated  with  the  absence  of  tri- 
turating mechanisms,  and  phagocytic  cells,  e.g.  lamellibranch  amoebocytes, 
may  possess  a  variety  of  enzymes.  Extracellular  digestion  is  more  economical 
of  area  of  cell  surfaces. 

The  duration  of  retention  of  food  in  the  digestive  tract  is  inversely  propor- 
tional to  the  efficiency,  in  the  sense  of  rapidity,  of  the  digestive  processes,  and 
the  speed  of  extracellular  digestion  in  warm-blooded  animals  is  faster  than  that 
at  low  temperatures.  Also  the  amount  of  food  eaten  at  a  meal  depends  on  stor- 
age facilities:  a  herbivorous  ruminant  eats  much  more  in  bulk  than  a  carni- 
vore. A  stomachless  fish  (roach,  for  example)  can  ingest  less  than  5  per  cent  of 
its  weight  per  meal,  whereas  a  trout,  which  has  a  stomach,  can  take  in  20  per 
cent  of  its  body  weight  at  one  feeding.  ^^  The  rate  at  which  food  passes 
through  the  digestive  tract  is  correlated  with  the  kind  of  food  and  the  effi- 
ciency of  the  digestive  enzymes. 

As  shown  in  the  preceding  pages,  the  pH  optimum  for  a  given  enzyme  is 
not  always  the  same  as  the  physiological  pH  at  which  it  functions.  Also  the 
pH  optimum  differs  slightly  according  to  substrate.  However,  in  a  general 
way,  the  early  phases  of  digestion  are  often  in  an  acid  medium  and  later  phases 
occur  at  a  higher  pH. 

The  enzymes  of  an  animal  may  change  with  development,  as  in  many 
butterflies,  moths,  blowflies,  and  bees,  also  as  demonstrated  in  the  decrease  of 
rennin  in  the  mammaUan  stomach. 

Animal  hydrolytic  enzymes  are  different  from  corresponding  plant  enzymes, 
but  given  enzymes  do  not  diff^er  greatly  from  one  animal  group  to  another. 
Animal  amylases  need  to  be  activated  by  NaCl;  plant  amylases  do  not.  ^''^ 
Cathepsin  functions  extracellularly  in  invertebrates  and  intracellularly  in 
vertebrates.  There  is  greater  difference  in  the  distribution  of  carbohydrases 
than  in  that  of  other  enzymes.  Stereochemical  or  group  specificity  is  marked, 
and  the  existence  of  a  given  polysaccharidase  is  usually  associated  with  the 
presence  of  an  enzyme  for  attacking  corresponding  sugars,  as  cellulase  with 
/8-glucosidase,  amylase  with  a-glucosidase. 

Greatest  success  in  the  evolution  of  digestive  function  appears  to  be  asso- 
ciated with  extracellular  digestion,  enzyme  sequences,  diversity  of  enzymes 
and  triturating  mechanisms,  together  with  an  omnivorous  diet. 
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CHAPTER  7 


Nitrogen  Excretion 


ATS  AND  CARBOHYDRATES  are  oxidizcd  to  water  and  carbon  dioxide, 
which  are  readily  excreted;  proteins  and  nucleic  acids  contain 
nitrogen,  which  is  excreted  in  various  compounds  according  to  the 
physiology  of  the  organism.  Nitrogenous  wastes  may  come  from  proteins  (by 
way  of  amino  acids),  from  the  purine  and  pyrimidine  bases  of  nucleic  acids, 
and  from  miscellaneous  nitrogenous  compounds.  *"'•  ■'•'■  ■" 

CHEMICAL  NATURE  OF  NITROGENOUS  PRODUCTS 

Protein  Degradation  Products.  At  least  six  different  types  of  compound 
may  be  produced  by  the  degradation  of  protein. 

Amino  Acids.  Proteins  are  hydrolyzed  to  polypeptides  and  dipeptides,  and 
these  are  broken  down  to  their  constituent  amino  acids.  Amino  acids  may  be 
excreted  without  change  in  some  animals. 

Ammonia.  Amino  acids  undergo  deamination,  resulting  in  the  liberation  of 
ammonia  as  follows: 


NH.  O 

R_C-H  +  Vz  O.  ^  R-C  +  NH, 

^COOH  COOH 


NH.  OH 

R_c4^  +  H.O  ^  R-C-H  +  NHa 

^COOH  ^COOH 

Ammonia  is  toxic  and  is  low  in  concentration  in  the  blood  of  many  animals. 
It  is  formed  rapidly  in  drawn  blood  of  vertebrates,  but  the  amount  present  in 
vivo  in  mammals  is  probably  not  more  than  0.001-0.003  mg./lOO  ml.  ^''  The 
amount  present  is  similar  (less  than  0.1  mg./lOO  ml.)  in  frogs,  reptiles  and 
hshes.  •'*-  If  the  blood  ammonia  reaches  5  mg./ 100  ml.  in  rabbits  death 
results.  ^  Some  ammonia  is  excreted  by  the  kidneys  (about  0.5T  gm.  daily  in 
man).  ''^  In  mammals  most  of  the  urinary  ammonia  is  formed  from  glutamine 
by  the  kidney;  the  amount  which  comes  from  amino  acids  is  much  smaller 
than  it  is  in  animals  in  which  ammonia  is  an  important  excretory  product.  "^ 
There  are  invertebrate  animals  which  are  more  tolerant  of  ammonia.    Blood 
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ammonia  values  have  been  reported  as  0.4-2.4  mg./lOO  ml.  in  Maja,,  2.8-4.8 
mg.  in  Sepia,-"^   1.6-1.8  mg.  in  Homarns,  0.7-2  mg.  in  snails,'^-  and  2.3-3.0 
mg.  in  the  earthworm  Pheretima.  -^    Ammonia  increases  on  standing  in  blood 
of  Hydrophihis  and  Dytiscits,  but  not  in  blood  of  crayfish,  lobster,  or  snail.  ■^'* 
The  blood  of  Anodonta  is  low  in  ammonia  (0.051  mg./lOO  ml.).-^"' 

Because  of  its  toxicity  ammonia  must  be  excreted  rapidly  as  formed  or  con- 
verted into  a  less  toxic  substance.  Ammonia  is  highly  soluble  in  water,  is  dif- 
fusible, and  is  excreted  as  ammonia  by  many  animals  which  have  ample  water 
for  carrying  away  excretory  products. 

Urea.  This  excretory  product  is  less  toxic  and  slightly  more  soluble  in  water 
than  ammonia.  Human  blood  normally  contains  18  to  38  mg.  urea  per  100  ml; 
values  above  about  40  mg./lOO  ml.  indicate  uremia,  although  much  higher 
concentrations  are  tolerated.  The  livers  of  many  animals  contain  an  enzyme, 
arginase,  which  catalyzes  the  formation  of  urea  from  the  amino  acid  arginine. 
There  is  evidence  that  one  method  of  conversion  of  NH^  to  urea  is  by  the 
Krebs  cycle  (Fig.  32).   When  this  cycle  operates,  urea  production  by  tissue 


H„0 


NHg 
(CH2)3 
CH.NHe 
COOH 


NH 

CH.NHj 
COOH 


CITRULLINE 
Fig.  32.  The  ornithine  cycle.  From  Baldwin.* 


extracts  is  increased  on  addition  of  ornithine  and  citrulline;  urea  is  formed  from 
dietary  arginine  by  the  action  of  arginase  alone.  In  some  animals  urea  is 
apparently  formed  by  unknown  reactions  other  than  those  of  the  ornithine 
cycle. 

Uric  Acid.  Some  animals,  particularly  birds,  terrestrial  reptiles,  and  some 
snails  and  insects,  convert  their  ammonia  to  uric  acid.  This  substance  has  a 
low  toxicity  and  is  relatively  insoluble;  it  can  be  stored  or  excreted  in  crystalline 
form.  The  mechanism  of  formation  of  uric  acid  from  ammonia  is  unknown, 


Nitrogen  Eoccretion  189 

but  apparently  hypoxanthine  is  an  intermediate  product  in  the  process. 

Trimeth)damine  Oxide.  This  constitutes  a  high  proportion  of  excreted 
nitrogen  in  certain  marine  fishes.  Possibly  ammonia  is  methylated,  and  the 
resulting  trimethylamine  oxidized. 

Guanine  (2-amino-6-oxr purine).  Spiders  excrete  most  of  their  nitrogen  as 
the  purine,  guanine,  a  substance  less  soluble  than  uric  acid  in  water.  Its 
method  of  synthesis  is  unknown.  ^ 

Purine  Excretion  Products.  Roughly  5  per  cent  of  excretory  nitrogen  comes 
from  nucleic  acid  metabolism,  which  yields  principally  the  purines  adenine 
and  guanine. 

Purines.  The  purines  are  degraded  to  different  degrees  by  animals  of  various 
groups.  Some  animals  excrete  a  high  proportion  as  purines  without  further 
degradation.  In  some  animals  adenine  may  be  oxidized,  but  not  other  purines; 
guanine  is  accumulated  or  excreted  as  such  in  the  pig,  but  in  most  mammals 
it  is  deaminated.  Different  enzymes  act  on  the  purine  adenine  and  the  nucleo- 
side adenosine  (adenine-ribose).  •'•^ 

Uric  Acid.  Uric  acid  is  formed  as  an  end-product  by  oxidative  deamination. 

adenase 

adenine *■  hypoxanthine 

I ,  xanthine  .xanthine 

guanase                   \  oxidase                oxidase 
guanine ••    xanthine  *■  uric  acid 

N=C-NH2  H-N-C=0  H-N-C=0 

I  I  II  11 
H-C    C-NH                     OzrC    C-NH                      0=C    C-NH\ 

II  It       ^CH  I      II        7CH— >  1      II  C-0 
N-C-N^                      H-N-C-N^                      H-N-C-NH/ 

Adenine  Xanthine  Uric  acid 

Allantoin.  The  pyrimidine  ring  of  uric  acid  may  be  opened  by  uricase  and 
the  substance  allantoin  formed  (Fig.  33). 

Allantoic  Acid.  Further  oxidation  bv  allantoinase  forms  allantoic  acid 
(Fig.  33). 

Urea.  The  molecule  of  allantoic  acid  is  broken  by  allantoicase  to  glyoxylic 
acid  and  urea. 

Ammonia.  A  few  animals  and  many  plants  possess  urease,  which  converts 
urea  to  ammonia  and  carbon  dioxide. 

The  complete  sequence  of  purine  breakdown  is  shown  in  Figure  33,  modi- 
fied from  Florkin.  '^'-^ 

Miscellaneous  Nitrogenous  Compounds.  Other  nitrogenous  excretion 
products  include: 

Hippiiric  Acid  and  Ornithuric  Acid.  Benzoic  acid  entering  in  the  diet  of 
mammals  is  removed  by  combination  with  glycine  to  form  hippuric  acid 
(benzoylglycine).  In  birds  benzoic  acid  combines  with  ornithine  to  form 
ornithuric  acid. 

Creatine  and  Creatinine.  Creatine  is  important  in  muscle  development 
(Ch.  16),  and  its  metabolic  roles  are  numerous.   Some  creatine  is  apparently 
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converted  to  creatinine  and  excreted,  although  creatine  may  also  be  excreted 
unchanged. 

HN^CO 

I       I     H 

OC     C-N^ 


HN-C-N 


/ 


CO 


Uric  Acid 


H 

Uricase 


I     O 
H.N     C-NH 


OC 


CO 


Allantoin 


HN-C    NH 

I 

i 

Allantoinase 

H.N 

NH. 

OC     C 

1 

:ooH   CO 

Allantoic  Acid 

1 
HN-( 

:— — NH 

H 


Allantoicase 


COOH 
H 


+     2     0=^ 


/ 


NH2 


Ui 


Gl^oxylic 
Acid 


NH2 
Urease 
2  NHa  +  CO. 

Fig.  3.^.  Sequence  of  breakdown  of  uric  acid  to  ammonia.  From  Florkin.'" 

Nitrogenous  Pigments.  Some  nitrogenous  pigments  resulting  from  the 
metabolism  of  hemochromogens  (e.g.,  hemoglobin)  are  excreted,  particularly 
in  mammals. 

Pterines.  These  nitrogenous  pigments  deposited  in  butterfly  wings  are 
sometimes  regarded  as  excretory  products. 

Pyrimidines.  Pyrimidines  may  be  excreted  as  such,  but  in  mammals,  at  least, 
are  partly  converted  to  urea. 

DISTRIBUTION  OF  EXCRETORY  PRODUCTS 
OF  PROTEIN  METABOLISM 

In  no  group  of  animals  is  nitrogenous  excretion   limited  to  one  product. 
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Those  animals  which  excrete  significant  amounts  of  amino  acids  are  inefficient, 
in  that  they  lose  potential  metabolites.  Animals  are  called  ammonotelic  when 
nitrogen  (from  proteins)  is  excreted  predominantly  in  the  form  of  ammonia, 
ureotelic  when  urea  is  the  main  product,  uricotelic  when  the  main  product  is 
uric  acid.  The  correlation  between  excretory  products  and  habitat  of  adult  or 
embryo  is  so  good  that  nitrogen  excretion  appears  to  be  an  important  adaptive 
character.  In  the  series  ammonia,  urea,  uric  acid  there  is  decreasing  toxicity. 
Animals  whose  eggs  are  protected  against  water  loss  (cleidoic  eggs)  store  non- 
toxic embryonic  waste  products  and  the  adults  tend  to  excrete  the  same 
products,  whereas  animals  whose  embryos  can  excrete  freely  into  surrounding 
water  (noncleidoic  eggs)  excrete  products  which  may  be  more  toxic."*' 
Embryonic  habitat  is  one  but  not  the  only  factor  determining  nitrogenous 
excretion. 

The  percentage  nitrogen  excretion  in  various  forms  is  given  in  1  able  30. 
Data  in  this  table  have  been  selected  from  what  appear  to  be  the  more  reliable 
of  the  many  papers.  Detailed  summaries  are  to  be  found  in  Delaunay,-''  -■^-  -* 
Baldwin,  ''•''    Ncedham,  '"'    Florkin,  •''■''•  -^^    and  Heidermanns.  ""' 

Ammonotelic  Animals.  Table  30  shows  that  aquatic  invertebrate  animals 
excrete  a  large  percentage  of  their  nitrogen  as  ammonia.  This  is  a  soluble  sub- 
stance which  diflFuses  readily  across  most  body  surfaces  into  water.  In  Protozoa 
some  early  measurements  were  invalidated  by  the  presence  of  extraneous 
organisms,  particularly  bacteria,  and  reports  of  any  quantity  of  urea  and  uric 
acid  excretion  are  to  be  doubted.  Also  the  amount  of  ammonia  varies  widely 
according  to  diet.  In  Paramecium,  for  example,  91  per  cent  of  excreted  nitro- 
gen was  NH:{  when  the  animals  had  not  been  fed,  55  per  cent  was  NH^  when 
they  had  been  fed  glycine,  and  no  NH.s  was  excreted  when  they  had  been  fed 
starch;  no  urea,  uric  acid,  creatinine,  or  whole  protein  was  found,  but  some 
unidentified  nitrogenous  substance  was  excreted.  ^^  These  results  confirm 
the  earlier  work  of  Emery-"*'  and  show  that  Weatherby's  observations"'^  of  urea 
were  not  correct. 

Spirostomiim  amhiii^uitm  excretes  large  amounts  of  NH.i  when  the  oxygen 
tension  is  less  than  equilibrium  with  air.  "^^  Glaucoma  eliminates  the  nitro- 
gen from  bacterial  food  as  ammonia  about  six  hours  after  ingestion.  -"'  Pro- 
tozoa can  utilize  amino  acids  from  the  culture  medium;  the  extent  to  which 
they  excrete  amino  acids  from  ingested  protein  has  not  been  shown. 

Actinians  excrete  much  ammonia.  -*"*  Various  echinoderms,  starfish,  sea 
urchins,  and  sea  cucumbers,  are  ammonotelic,  but  they  also  give  off  consider- 
able amounts  of  amino  acids  into  the  water.  -"•  -•'•  -^  Sipiinculus  excretes 
ammonia  predominantly,  as  does  the  fresh-water  leech.  Polychaete  worms  are 
ammonotelic,  although  some  urea  and  traces  of  uric  acid  are  reported  in 
Arenicola  coelomic  fluid.  ^'^-  '" 

Among  molluscs  the  cephalopods  Sepia  and  Octopus  excrete  most  of  their 
nitrogen  as  NH^.  The  pelecypods  which  have  been  examined,  both  marine 
and  fresh-water  (except  Mytilus^,  are  also  ammonotelic.  1  he  gastropod 
Aplysia  is  ammonotelic,  but  excretory  products  in  other  gastropods  are  diverse, 
as  will  be  shown  later. 

Crustaceans  give  off  much  amino  acid  nitrogen,  but  the  predominant  excre- 
tory product  of  marine  and  fresh-water  crustaceans  is  ammonia.  It  has  been 
shown  for  Eriocheir,  and  probably  it  is  true  for  others,  that  the  body  surface, 
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particularly  the  gills,  is  permeable  to  NH3  and  urea;  excretion  of  these  sub- 
stances is  not  altered  by  plugging  the  excretory  pores.  The  kidneys  excrete 
dyes  and  other  less  diffusible  substances,  whereas  the  gills  are  the  chief  route 
for  ammonia  excretion.  "^  Analysis  of  the  urine  is,  therefore,  inadequate  to 
measure  total  nitrogen  excretion.  Excretory  products  of  terrestrial  Crustacea 
have  not  been  examined,  but  such  investigation  would  be  of  interest. 

Earthworms  are  intermediate  between  aquatic  and  terrestrial  life.  The  urine 
collected  from  worms  in  moist  air  contains  more  urea  nitrogen  than  ammonia 
nitrogen,  -^  but  the  excretion  from  earthworms  immersed  in  water  is  am- 
monotelic.  -^  An  explanation  of  this  difference  might  be  that  much  ammonia 
is  given  off  from  the  intestine,  not  as  urine.  A  better  explanation  is  given  by 
recent  observations  ^*  that  in  normal  fed  earthworms  urea  constitutes  less 
than  10  per  cent,  whereas  after  starvation  urea  becomes  as  much  as  86  per  cent, 
of  the  nitrogenous  excretion.  It  would  be  of  interest  to  know  the  effect  of 
water  supply  on  the  urea/ammonia  ratio. 

Fishes,  Ammonotelic  and  Ureotelic;  Trimethy lamina  Oxide  Excretion. 
Ammonia  is  commonly  excreted  by  animals  which  have  plenty  of  water  to 
eliminate  and  which  live  in  an  aqueous  medium.  This  holds  for  fresh-water 
teleosts,  which  are  ammonotelic,  although  they  also  excrete  some  urea;  most 
of  their  nitrogenous  wastes  diffuse  out  across  the  gills,  and  less  nitrogen  leaves 
by  the  urine.  ""•  **^  Marine  teleosts,  on  the  other  hand,  are  confronted  with  a 
serious  osmotic  problem  of  retaining  sufficient  water  (Ch.  2).  They  still 
excrete  considerable  ammonia,  but  they  also  excrete  some  urea  (Table  30). 
In  addition,  some  marine  teleosts  excrete  as  much  as  one  third  of  their  nitrogen 
as  trimethylamine  oxide,  a  soluble  nontoxic  substance.  This  substance  is 
absent  from  the  muscles  of  several  fresh-water  fish  (eel,  carp),  but  is  present 

in  the  muscles  of  all  marine  fish  tested Pletironectes,  Conger,  Gadiis,  and 

others  (Hoppe-Seyler,  quoted  by  Grafflin  and  Gould  ^^  ).  Trimethylamine 
oxide  has  been  reported  from  cephalopods,  but  only  in  marine  teleosts  where 
water  must  be  conserved  is  this  substance  an  important  excretory  product. 

Elasmobranch  fish  are  ureotelic,  and  marine  species  retain  a  concentration 
of  2-2.5  per  cent  of  urea  in  the  blood.  By  this  high  urea  concentration  they 
maintain  themselves  hypertonic  to  their  medium  (Ch.  2).  All  tissues  of  a 
dogfish  except  brain  and  blood  are  able  to  synthesize  urea.^^  "Like  marine 
teleosts,  the  marine  elasmobranchs  convert  a  part  of  their  waste  ammonia  to 
trimethylamine  oxide.  This  suggests  that  they  have  at  some  time  in  the  past 
experienced  the  same  osmotic  difficulties  as  confront  the  marine  teleosts  of  the 
present  day  ....  But  subsequently,  it  appears,  they  evolved  the  still  better 
trick  of  making  urea,  which  is  even  less  toxic  than  trimethylamine  oxide,  and, 
by  retaining  enough  of  it  in  their  tissues,  managed  in  the  end  to  turn  the 
osmotic  gradient  to  their  advantage  instead  of  their  detriment.'"  ''  Excess  urea 
is  excreted,  largely  through  the  gills.  Dogfish  eggs  contain  a  large  amount  of 
deposited  urea;  the  embryos,  however,  synthesize  quantities  of  urea,  which  is 
stored  in  the  yolk. 

Nitrogen  excretion  in  the  lungfish,  Protopteriis  aethiopicus,  has  been  studied 
by  Smith.  '*"  When  this  fish  is  active  in  fresh  water  it  excretes  nearly  three 
times  more  nitrogen  as  NH.s  than  as  urea.  When  estivating  in  its  mud  cocoon, 
however,  it  excretes  urea  which  may  accumulate  to  the  extent  of  1-2  per  cent 
of  the  body  weight  in  a  year;  muscle  urea  increases  by  some  seven  times.  When 
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the  fish  returns  to  water,  urea  is  rapidly  excreted  and  the  excretion  of  ammonia 
nitrogen  increases  to  its  characteristic  high  proportion.  Dipnoans,  then,  shift 
their  metaboHsm  from  ammonoteHc  to  ureoteHc  and  back,  according  to  the 
available  water. 

Ureotelic  Animals:  Amphibia.  Nitrogen  is  excreted  predominantly  as  urea 
in  the  frog  (Table  30),  and  the  liver  of  both  frog  and  toad  can  synthesize 
urea.  *^"  Calculations  of  glomerular  filtration  and  tubular  reabsorption  indi- 
cate that  some  urea  must  be  secreted  actively  by  the  tubule  cells  of  some 
amphibian  kidneys.  ^'■^-  "-  Young  tadpoles  excrete  over  40  per  cent  of  their 
nitrogen  as  ammonia,  but  this  declines  rapidly  to  about  12.5  per  cent,  the  adult 
level  (Bialaszewitz,  quoted  by  Delaunay  ^*  ). 

Mammalia.  Mammals,  including  the  monotremes,  are  ureotelic.  Embryonic 
wastes  diffuse  readily  into  the  maternal  circulation;  embryonic  life  is  aquatic. 
There  is  need  for  conservation  of  water  in  adults,  however,  and  urea  is  con- 
centrated by  as  much  as  100  times  by  the  reabsorption  of  water  in  the  kidney 
tubules.  Low  concentrations  of  ammonia  are  toxic,  but  urea  is  tolerated  up 
to  150-250  mg.  per  cent— ten  times  normal  concentrations.  ^^  Urea  concen- 
tration in  the  blood  and  urine  depends  on  the  rate  of  protein  catabolism. 

Excretion  Associated  with  Transition  from  Water  to  Land:  Gastropoda. 
The  gastropods  present  an  interesting  series  with  respect  to  transition  from  sea 
to  fresh  water  to  land,  and  accompanying  transition  toward  uric  acid  excre- 
tion.'^- ■*^'  ''^'  ''^^  ^^  Aquatic  gastropods,  particularly  marine  ones,  excrete  much 
ammonia,  terrestrial  gastropods  excrete  little  ammonia.  The  eggs  of  fresh- 
water and  terrestrial  gastropods  in  general  have  cleidoic  characteristics;  some 
gastropods  are  ovoviviparous.  During  development  of  the  egg  of  Limnaea  the 
uric  acid  content  increases  from  0.5  mg.  per  cent  in  the  cleavage  stages,  to  1.0 
mg.  per  cent  when  the  embryo  occupies  one  fourth  to  one  half  of  the  egg  case, 
to  4.5  mg.  per  cent  when  the  egg  is  about  to  hatch.  ^  In  hibernation  the 
nephridium  stores  uric  acid  to  as  much  as  three  fourths  of  the  organ  weight.  ''"' 
**^  The  uric  acid  content  of  the  nephridium  has  been  correlated  with  the 
history  of  different  species  and  type  of  egg  (Fig.  34).  '^^  Needham  describes 
Figure  34  as  follows:  The  uric  acid  content  of  the  nephridium  in  marine 
operculates  (lower  left)  is  very  low.  Terrestrial  snails  (center  top),  on  the 
other  hand,  contain  much  uric  acid,  whether  they  are  pulmonates  or  opercul- 
ates. The  transitional  periwinkles  (Littorinidae)  (left  side)  are  intermediate 
in  uric  acid  content  of  the  nephridium.  A  marine  pulmonate  which  is  believed 
to  have  made  a  secondary  return  to  the  sea  (Onchidella  celtica)  contains  prac- 
tically no  uric  acid.  The  fresh-water  species  (right  side)  do  not  provide  a  clear- 
cut  series,  but  the  operculate  Hydrohia  jenkinsi  has  little  uric  acid  and  has 
entered  fresh  water  from  the  sea  relatively  recently,  whereas  Bythnia,  Palu- 
dina,  and  Limnaea  stagnalis  contain  much  uric  acid  and  probably  have  pene- 
trated fresh  water  secondarily  from  land.  Other  snails  are  intermediate,  for 
reasons  which  are  not  clear.  Snails  are  unable  to  produce  urea  by  the  ornithine 
cycle  and  produce  it  only  from  the  arginine  of  their  food;  hence  their  only 
choice  in  protein  degradation  is  ammonia  or  uric  acid.  This  group  of  animals 
merits  further  study,  but  the  general  trend  is  from  ammonia  to  uric  acid 
excretion  as  osmotic  stress  increases. 

Chelonia.  Turtles,  like  all  vertebrates,  can  form  urea  by  the  ornithine  cycle, 
and  they  excrete  much  nitrogen  as  urea.  In  addition,  their  ammonia  excretion 
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is  significant,  and  two  aquatic  species  excrete  some  uric  acid  (Table  30). 
Needham  argues  that  the  mode  of  excretion  is  related  to  the  water  supply  in 
embryonic  life;  since  turtles  usually  lay  their  eggs  in  moist  sand  where  diffu- 
sion of  NH3  would  be  too  slow  to  avoid  toxicity  and  yet  where  storage  of  uric 
acid  is  unnecessary,  urea  is  sufficiently  nontoxic.  Other  reptiles  are  uricotelic 
(see  below);  hence  a  careful  correlation  of  nitrogen  excretion  with  life  history 
in  turtles  might  throw  light  on  the  origin  of  uricotelism  in  vertebrates. 

Uricotelic  Animals:  Insects.  Most  insects  are  too  restricted  in  their  water 
supply  tor  them  to  excrete  ammonia,  or  even  urea,  in  quantity.  The  urine 
formed  in  the  malpighian  tubules  of  insects  is  rich  in  uric  acid  and  may  even 
be  a  mass  of  uric  acid  crystals.  '"^  Negligible  amounts  of  nitrogen  are  lost  in 
other  forms  by  adult  insects.  In  the  bug  Rhodnius,  for  example,  immediately 
after  a  blood  meal  there  is  considerable  urea;  later  the  uric  acid  is  greatly  in 
excess.  ■*''  Blowfly  larvae  which  are  eating  meat  give  off  much  ammonia;  this 
is  probably  formed  in  the  gut  and  passed  out  with  feces,  and  hence  is  not  a 
true  metabolic  excretory  product.  At  pupation  ammonia  excretion  stops  and 
uric  acid  becomes  the  main  product.  Some  of  the  uric  acid  from  protein  break- 
down is  converted  to  allantoin  (Table  30).  '^'  ^"  Insects  rid  themselves  of 
much  waste  material  at  the  time  of  molting. 


200 


Comparative  Animal  Physiology 


Lizards  and  Snakes.  Water  conservation  is  important  for  lizards  and  snakes; 
also  their  eggs  must  retain  embryonic  nitrogenous  excretion  until  they  are 
hatched.  Hence  they  excrete  most  of  their  nitrogen  as  the  relatively  insoluble, 
innocuous  uric  acid  (Table  30).  In  Phrynosoma,  the  horned  toad,  the  urine 
is  a  solid  ball  of  uric  acid. 

Birds.  Birds  con\'ert  most  of  the  ammonia  from  protein  to  uric  acid  (Table 
30).  Their  urine  is  a  semisoHd  mass  of  uric  acid  crystals.  In  the  chick  embryo 
the  first  product  is  ammonia,  which  declines  rapidly  in  amount  after  the  fourth 
day  of  incubation.  Urea  increases  to  a  maximum  at  the  ninth  day  and  then 
declines;  the  enzyme  arginase  falls  to  a  minimum  at  about  the  twelfth  day. 
The  excretion  of  uric  acid  on  a  dry  weight  percentage  basis  is  maximal  at  the 
eleventh  day,  and  uric  acid  is  the  principal  adult  product  (Fig.  35).  '""'*•  *"'•  "^'^ 
If  embryonic  tissues  were  separated  from  extraembryonic  membranes  the 
absolute  amounts  excreted  by  the  embryo  might  differ  from  those  given  in 
Figure  35,  but  the  general  sequence  is  significant. 

Uric  acid  is  found  in  body  fluids  of  animals  in  which  it  is  not  the  principal 


Fig.  35.  Excretion  in  chick  embryos.  From  Needham.' 


excretory  product.  ^"  For  example,  in  annelids  the  uric  acid  concentration  in 
coelomic  fluid  is  0.73  mg./lOO  ml.  in  Chaetoptenis  "^  and  0.1  mg./lOO  ml. 
in  Arenicola^'^  but  negligible  in  Amphitrite  and  Nereis.  Among  Crustacea 
the  blood  uric  acid  may  be  2.3  mg./lOO  ml.  in  Hoviarus,  and  2.1  mg./lOO  ml. 
in  Lihinia.^'^'  In  ureotelic  mammals  blood  uric  acid  is  0.05  to  0.2  mg.  100 
ml.  ''"  These  values  are  much  lower  than  in  true  uricotelic  animals,  as  in 
insects,  in  which  blood  uric  acid  is  5  to  20  mg./lOO  ml.-^^-  ""  or  in  birds,  in 
which  it  is  normally  5  mg./lOO  ml.  (chicken).  '""  Hence  the  distinction 
between  ureotelic  and  uricotelic  metabolism  is  quantitative,  and  presence  of 
uric  acid  in  the  blood  or  coelomic  fluid  does  not  necessarily  indicate  predom- 
inant uric  acid  excretion. 
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PHYLOGENY  OF  ENZYMES  OF  PROTEIN  BREAKDOWN  PRODUCTS 

Deaminases  catalyze  the  liberation  ot  ammonia  from  amino  acids  in  all 
phyla.  Urea  can  be  formed  by  the  ornithine  cycle  (see  p.  188),  by  the  action 
of  arginase  on  dietary  arginine  independently  of  the  ornithine  cycle,  and  by 
unknown  reactions.  Arginase  is  absent,  or  present  in  mere  traces,  in  ammono- 
telic  invertebrates.  No  arginase  was  found  in  the  hepatopancreas  of  a  series 
of  marine  molluscs;  a  trace  was  found  in  Anodonta  and  Carchuis  and  small 
amounts  in  several  fresh-water  snails.^  In  the  snail  Helix  the  hepatopancreas 
contains  much  arginase,  but  no  urea  is  formed  by  the  ornithine  cycle:  possibly 
arginase  has  some  role  in  uric  acid  synthesis  in  Helix.^  The  chloragogue 
tissue  of  the  earthworm  intestine  can  synthesize  urea,  although  the  ornithine 
cycle  may  not  operate  as  in  mammals.  Urea  production  by  chloragogue  tissue 
was  increased  in  one  set  of  observations  by  peptone  but  not  by  arginine  or 
ornithine.^^  However,  worms  fed  arginine  increased  their  urea  output,  and 
there  was  a  small  increase  after  the  feeding  of  citrulline  but  not  ornithine.'^ 
Teleost  fish  fall  into  three  groups,  having  low  (cod,  salmon,  bullhead, 
trout),  intermediate  (herring),  and  high  (dogfish)  arginase  content  in  their 
livers,'"'^  but  the  ornithine  cycle  is  said  to  be  absent  from  teleosts."'  •'■^'  *"■' 
Elasmobranchs  contain  large  amounts  of  arginase  in  all  tissues  except  blood 
and  brain;  the  heart  is  remarkably  rich  in  arginase.  ''■^-  ''^  Whether  the  orni- 
thine cycle  functions  in  elasmobranchs  is  not  known. 

Urea  is  formed  by  the  ornithine  cycle  in  the  livers  of  ureotelic  tetrapods, 
frogs,  turtles,  and  mammals.  In  mammals  the  liver  is  rich  in  arginase  and 
the  kidney  contains  a  small  amount,  whereas  other  tissues  are  negative  for 
arginase.'^'^-  •''■''•  *"  The  ornithine  cycle  is  lacking  in  uricotelic  snakes  and 
birds,  although  bird  but  not  snake  kidneys,  liver  and  testes  have  some  argin- 
ase. '•''•  -^-  '''■^'  •''•''•  ""  In  the  animal  kingdom  urea  is  formed  by  several  methods, 
arginase  content  of  liver  is  correlated  with  ureotelism,  and  the  ornithine  cycle 
is  a  specialized  development  not  found  among  invertebrate  animals.  The  orni- 
thine cycle  and  most  of  the  usefulness  of  arginase  are  lost  by  birds  and  higher 
reptiles. 

Conclusions  Regarding  Excretion  of  Protein  Nitrogen.  The  form  of  nitro- 
genous waste  produced  by  protein  catabolism  is  related  to  stress  of  water  supplv 
in  both  embryonic  and  adult  life  of  an  animal.  Ammonia  diffuses  freely  out 
of  and  away  from  aquatic  invertebrates  and  fish.  Where  there  is  some  osmotic 
stress  but  ample  dilution,  urea  appears,  as  in  amphibians  and  mammals. 
Marine  tcleosts  are  subject  to  osmotic  stress,  and  some  of  them  excrete  tri- 
methylamine  oxide.  Extreme  need  for  water  retention,  in  insects,  land  gas- 
tropods, snakes  and  lizards,  and  birds,  is  satisfied  by  uric  acid  excretion;  this 
is  associated  with  cleidoic  eggs.  Trimethylamine  oxide  excretion  may  have 
arisen  only  once,  but  uric  acid  excretion  became  dominant  in  several  unrelated 
groups  and  represents  convergent  evolution. 

Urea  production  has  arisen  by  several  means:  urea  may  be  built  up  from 
peptones  and  arginine  in  Luinhricns,  by  arginase  from  dietary  arginine  in 
snails  and  bony  fish,  by  the  ornithine  cycle  from  ammonia  in  amphibians  and 
mammals,  and  still  other  routes  of  urea  synthesis  probably  exist.  The  ornithine 
cycle  has  been  lost  in  reptilian  and  avian  evolution.  Embryonic  retention  of  a 
biochemical  trait  is  shown  in  nitrogen  excretion  patterns.  Blowfly  larvae 
excrete  ammonia  before  they  excrete  uric  acid,  tadpoles  produce  ammonia 
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before  they  produce  urea,  and  chicks  pass  through  the  entire  evolutionary 
series  of  ammonia,  urea,  and  uric  acid. 

Nitrogen  excretion  is  a  labile  character.  It  appears  to  have  changed  during 
the  evolution  of  several  groups  according  to  their  habitat.  The  best  example 
of  such  phyletic  change  in  form  of  nitrogenous  product  is  in  the  gastropods. 
Also  the  marine  teleosts  excrete  more  of  their  nitrogen  as  urea  than  do  their 
fresh-water  relatives,  and  the  earthworm  excretes  more  urea  than  do  aquatic 
annehds.  Even  individual  animals  change  their  excretion  with  diet  and  with 
osmotic  stress.   The  lungfish  stores  urea  in  estivation  and  excretes  ammonia 
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Fig.  36.  Comparison  of  end-products  of  purine  and  protein  catabolism.   From  Florkin 
and  Duchateau.''   Unbroken  line,  protein  breakdown;  broken  line,  purine  breakdown. 


when  active;  the  bug  Rhodnius  excretes  urea  for  several  hours  after  a  blood- 
meal,  and  then  uric  acid.  Ammonia  is  the  principal  nitrogenous  product  of 
amino  acid  breakdown  in  ammonotelic  animals;  it  comes  from  glutamine  in 
mammals. 

Recent  studies  on  microorganisms  indicate  their  ability  to  adapt  enzymatical- 
ly  to  different  substrates.  Nitrogen  excretion  in  animals  is  likewise  adaptive. 
Most  animals  excrete  several  products,  but  one  predominates.  The  enzymes 
for  their  production  may  be  present  in  varying  degrees,  and  several  enzymatic 
routes  may  lead  to  the  same  product.  Which  route  and  which  product  become 


Nitrogen  Excretion 


203 


dominant  in  a  given  species  depend  more  on  its  immediate  osmotic  needs  than 
on  its  ancestry. 

DISTRIBUTION  OF  ENZYMES  AND  PRODUCTS 
OF  PURINE  METABOLISM 

A  small  amount  of  the  nitrogen  excreted  hy  animals  comes  from  nucleic 
acid  metabolism,  particularly  from  purine  bases.  The  amount  of  nucleic  acid 
eaten  varies  with  the  diet,  being  greater  in  meat  than  in  plant  food.  Enzymes 
of  purine  metabolism  differ  from  those  of  protein  metabolism,  even  though 
some  of  the  end-products  are  the  same.  An  animal  may  excrete  some  uric  acid 
from  purines,  regardless  of  whether  its  protein  is  degraded  to  ammonia,  urea, 
or  uric  acid.  The  various  end-products  of  purine  metabolism  were  listed  above 
(Fig.  33).  Purines  may  be  excreted  as  such,  e.g.,  adenine  or  guanine,  or  they 
may  be  deaminated  to  xanthine,  which  is  converted  to  uric  acid  by  xanthine 
oxidase.  If  uricase  is  present,  allantoin  is  then  formed;  allantoinase  converts 
this  to  allantoic  acid;  allantoicase  converts  this  to  urea;  urea  may  be  broken 
down  to  ammonia  by  urease.  Numerous  invertebrates— annnelids,  molluscs, 
and  arthropods— have  deaminases  of  the  free  bases  (adenase  and  guanase); 
many  vertebrate  livers  lack  adenase  but  can  deaminate  the  nucleosides  by 
adenosinase  and  guanosinase.-^'^-  ^^  The  type  of  purine  breakdown  product 
in  different  animals  has  been  identified  partly  by  analysis  of  excretory  products 
and  excretory  organs,  and  partly  by  identification  of  the  enzymes  in  tissues, 
particularly  liver  (or  hepatopancreas).  A  detailed  summary  of  purine  products 


TABLE  31.  DISTRIBUTION  OF  URICOLYTIC  ENZYMES 
-f  indicates  presence;  —  indicates  absence. 
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toicase 
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xanthine 
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Sea  urchin" 

+ 
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Sipunculids 

Sipunculus"" 
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+ 
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+ 
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+ 
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-f 
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TABLE  31  (continued).  DISTRIBUTION  OF  URICOLYTIC  ENZYMES 

+  indicates  presence;  —  indicates  absence. 


Xanthine 

Uri-  Allan- 

Allan- 

Animal 

Tissue 

Oxidase 

case  toinase 

toicase 

Urease 

Planorbis''" 

+ 

+ 

Abalone' 
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+ 

+ 

+ 
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" 
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+ 

+ 

+ 

+ 
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+ 

— 

+ 
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+ 

+ 

+ 

Insects 
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larva,  eggs 

+ 
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eggs,   larva,   adu 

,t 

+ 



pupa 







Housefly,  blowfly'* 

+ 

Roach,  bee** 
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+ 
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+ 

i 

Fish 
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+ 



_ 

_ 

Protopterus^ 

liver 

+ 

+ 

+ 

+ 
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+ 
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liver 

+ 

+ 
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+ 

+ 

4- 
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+ 

+ 
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spleen 



Teleosts''^ 
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+ 

Amphibians 
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+ 

+ 
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several  amphibians"'  " 

+ 

+ 

+ 

Reptiles 
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_ 

_ 
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+ 
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_ 

turtle 
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(Clementi,  in  Needham'") 

Birds 

+    (to 

chick 

10  day 

s 

(Przylecki,  in  Needham"") 
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several  birds  (adult) 

+ 





(Przylecki,  in  Needham*^') 

Mammals 

most  mammals"" 

+ 

+ 

anthropoids"** 

— 

- 

- 

is  given  by  Florkin  and  Duchateau,  ■^'''    and  a  general  summary  by  Florkih.  -^'^ 
Table  31  and  Figure  36  summarize  the  results. 

Some  of  the  ammonotelic  invertebrate  animals  also  degrade  purines  to 
ammonia.  Uricase  is  indicated  in  actinians,  uricase  and  allantoinase  are  indi- 
cated in  echinoderms;  allantoicase  and  urease  have  not  been  looked  for  in 
these  groups.  All  four  enzymes  occur  in  chloragogue  tissue  of  Sipunculus,  and 
in  "liver"  of  Mytiliis,  crayfish,  and  lobster  (Table  31).   In  the  flatworms  and 
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those  annelids  which  have  been  examined,  purines  are  excreted  and  enzymes 
for  degrading  them  are  lacking. 

Insects  are  predominantly  uricotelic  animals  and  differ  greatly  in  their  uri- 
colytic  enzymes.  The  distribution  appears  to  be  random  and  varies  with  time 
in  the  life  cycle  (Table  31).  Larvae  of  the  blowfly,  Lticilia,  for  example,  con- 
vert much  of  the  uric  acid  from  protein  breakdown  to  allantoin;  uricase  is 
absent  from  the  pupae,  however,  and  reappears  in  the  adults.  "^ 

Molluscs,  like  insects,  differ  in  their  uricolytic  enzymes.  In  general,  uricase 
is  found  in  lamellibranchs  and  in  some  gastropods.  Allantoinase,  allantoicase, 
and  urease  are  present  in  the  marine  lamellibranchs  (Mytilus),  but  the  urease 
is  lacking  in  Anodonta,  and  only  uricase  is  found  in  gastropods  {Helix,  Plan- 
orhis).  Comparison  of  uricolysis  in  ammonotelic  and  uricotelic  gastropods 
would  be  of  interest.  Apparently,  as  with  nitrogen  breakdown,  there  is  some 
lability  in  purine  degradation  among  molluscs. 

One  cyclostome  fish,  Lmnpetra  fluviatilis,  like  the  annelids,  has  no  enzyme 
for  degrading  purines.  The  liver  of  the  dipnoan  Protopterus  anesteus  -**  and 
of  the  elasmobranch  Raja  contains  uricase,  allantoinase,  and  allantoicase. 
Among  teleost  fish  those  of  one  group  have  uricase,  allantoinase,  and  allan- 
toicase, whereas  those  of  another  group  lack  the  allantoicase;  "  their  differ- 
entiation (Table  31)  seems  unrelated  to  habitat. 

Amphibians  degrade  purines  to  urea  but  not  to  ammonia.  Reptiles,  whether 
they  are  ureotelic  or  uricotelic,  lack  allantoinase  and  allantoicase;  and  some, 
if  not  all,  of  them  lack  uricase;  hence  they  excrete  their  purines  as  uric  acid. 
Likewise  in  birds  uricolysis  is  absent;  there  may  be  neither  uricase  nor  allan- 
toinase in  the  liver.  Mammals  fall  into  two  groups  in  purine  metabolism;  most 
of  them  have  uricase  and  excrete  some  allantoin.  Man  and  other  anthropoids, 
howe\'er,  lack  this  enzyme  and  excrete  uric  acid.  Among  dogs  Dalmatian 
coach  hounds  excrete  approximately  eleven  times  as  much  uric  acid  nitrogen 
and  half  as  much  allantoin  nitrogen  as  other  breeds,  apparently  because  the 
Dalmatians  fail  to  reabsorb  uric  acid  in  the  kidney  as  other  dogs  do  for  con- 
version to  allantoin  in  the  li\'er.  The  necessary  enzymes  are  present  in  the 
liver  of  all  breeds.  ^- 

Two  evolutionary  trends  have  occurred  in  purine  metabolism:  (1)  Degrada- 
tion completely  to  ammonia  requires  a  chain  of  enzymes  and  is  accomplished 
only  among  a  few  groups  of  lower  invertebrates.  (2)  Higher  groups,  both 
invertebrate  and  vertebrate,  break  the  chain  at  various  points,  and  among  the 
most  advanced  groups  (insects,  birds,  and  most  mammals)  purines  are  excreted 
as  uric  acid.  The  evolutionary  trend  here  is  elimination  of  enzymatic  steps. 

Florkin  ■'■'  has  suggested  that  the  end-products  of  protein  and  of  purine 
catabolism  tend  to  be  the  same.  This  is  indicated  in  Figure  36.  Animals, 
whether  ammonotelic,  ureotelic,  or  uricotelic,  tend  to  convert  purines  to  the 
same  end-products  as  those  of  proteins.  Here  is  an  example  of  biochemical 
con\'ergence.   Exceptions  are  found  among  molluscs  and  mammals. 
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CHAPTER  8 


Respiration  and  Metabolism 


AVAILABILITY  OF  OXYGEN 


T 

■  HE  DIRECT  DEPENDENCE  of  animals  On  an  adequate  oxygen  supply  has 

■  been  recognized  only  since  the  seventeenth  century,  when  Mayow 
W         and  Hooke  demonstrated  the  need  of  animals  for  air,  and  later 

when  Priestley  and  Lavoisier  discovered  the  chemical  nature  of  oxygen  and 
the  importance  of  oxidation  as  the  source  of  energy  within  the  body. 

Wide-spread  distribution  of  oxygen  permits  life  in  a  great  variety  of  environ- 
ments under  aerobic  conditions,  exceptions  being  in  deep  lakes  and  in  the 
intestinal  tracts  of  vertebrates,  where  anaerobic  respiratory  mechanisms  are 
not  uncommon.  Oxygen  not  only  is  widely  distributed  but  remains  fairly 
constant  in  amount  within  a  given  environment.  In  some  lakes,  however,  the 
oxygen  supply  may  be  suddenly  depleted  by  plant  life  and  bacteria.  Indeed, 
sudden  reductions  in  numbers  of  animals  have  been  cited  in  European  waters 
where,  as  near  the  Messina  Straits,  the  paucity  of  oxygen  in  the  great  depths 
allows  hydrogen  sullide  from  decomposing  animal  bodies  to  accumulate  to 
such  a  degree  that,  on  agitation  of  the  waters  during  storms,  the  surface  fauna 
is  exposed  to  toxic  concentrations  of  hydrogen  sulfide  with  disastrous  results. 

Various  animals  have  evolved  diflferent  mechanisms  for  the  procurement  of 
oxygen,  and,  where  the  supply  is  particularly  limited,  emergency  adaptations 
have  developed.  The  responses  of  organisms  to  oxygen  stress  constitute  one  of 
the  most  interesting  contributions  to  adaptive  physiology.  In  swamps  of  the 
Paraguayan  Chaco,  for  example,  where  little  or  no  oxygen  can  be  detected  in 
the  subsurface  water,  a  number  of  adaptations  are  found  in  fish  for  the  pro- 
curement of  oxygen  from  either  the  air  or  the  surface  water-layer.  ^-  Five 
different  types  of  aerial  respiratory  systems  have  been  developed  to  provide  the 
bulk  of  oxygen  for  these  fish:  pharyngeal  diverticular  "lungs"  {Lepidosiren  and 
Symhranchiis) ,  gas  bladder  (Erythrimis),  gill  lamellae  {Hypoponnis),  intestinal 
modifications  (Callichthys  and  Hoplosternxini),  and  gastric  mucosa  (Ancistrns). 

The  adequacy  of  the  oxygen  supply  is  a  function  of  the  number  of  molecules 
of  the  gas  a\'ailable  to  the  organisms,  whether  as  molecular  oxygen  dissolved  in 
water  or  as  molecules  of  oxygen  in  air.  The  amount  of  oxygen  available  to  the 
organism— atmospheric  or  in  solution— depends  on  the  partial  pressure  exerted 
by  the  gas,  the  value  of  the  partial  pressure  or  oxygen  tension  being  directly 
proportional  to  the  volume  per  cent  of  the  gas  present.  Partial  pressures  of 
the  important  gases  of  dry  air  at  sea  level  are  given  in  Table  32. 

The  amount  of  gas  in  solution  depends  on  the  absorption  coefficient  and  is 
proportional  to  the  partial  pressure  exerted  by  the  gas.  The  quantity  of  gas 
in  solution  decreases  with  elevation  of  temperature  and  with  the  addition  of 
solutes  to  the  solvent.    Solubility  data  for  oxygen  in  water,  in  salt  solution 
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TABLE  32.    PARTIAL  PRESSURE  OF  GASES  IKI  DRY  AIR  (760  mm.  Hg) 


Gas 

Vol.  per  cent"'" 

Partial  Pressure  in  mm./Hg 

Oxygen 

Carbon  dioxide 
Nitrogen 
Argon,  etc. 

20.95 
0.03 

78.0 
1.0 

159.22 
0.23 

592.8 
7.6 

equivalent  to  sea  water  (20  gm.  Cl/1.)  and  in  blood,  are  presented  in  Table  33. 
Although  diffusion  through  a  gas  phase  may  be  regarded  as  a  simple  func- 
tion of  the  density  and  molecular  size  of  the  gas,  diffusion  through  a  liquid 


TABLE  n.  SOLUBILITY  OF  OXYGEN  IN  BIOLOGICAL  FLUIDS 


Abs.   Coeff.   (a) 

ml.O./l. 

Abs.  Coeff.  (a 

ml.Os/l. 

water 

water 

2%  CI 

2%  CP'" 

Temp.   °C. 

760  mm.Hg 

159  mm.Hg 

760  mm.Hg 

159  mm.Hg 

Blood'^ 

0 

0.04889 

10.27 

0.0380 

7.97 

10 

0.03802 

7.98 

0.0302 

6.35 

15 

0.03415 

7.17 

0.0276 

5.79 

20 

0.03102 

6.51 

0.0253 

5.31 

30 

0.02608 

5.48 

0.0212 

4.46 

37 

0.02386 

5.01 



— 

0.019 
0.022 

ozzthe  Bunsen  Coefficient=the  volume  of  gas  (reduced  to  0°  C,  760  mm.)  which  at 
the  temperature  indicated  is  dissolved  in  one  volume  of  the  solvent  when  the  partial 
pressure  of  the  gas  is  760  mm.  (I.C.T.). 

must  consider  the  concentration  gradient,  area,  and  time,  and  may  be  expressed 
by  the  following  derivation  from  Pick's  law: 

dn  RT       dc 

dt   "         Nf       dx 

dn  representing  the  amount  of  substance  diffusing  across  an  area,  a,  in  time 
dt,  with  a  concentration  gradient_dc.  R  is  the  gas  constant,  T  absolute  tempera- 

dx 
tare,  N  the  Avogadro  constant,  and  /  the  "frictional  resistance"  upon  the 
diffusing  molecules.   Simple  diffusion  processes  can  account  for  gas  exchange 

TABLE  34.  DIFFUSION  CONSTANTS  OF  OXYGEN  AT  20°  C. 


Substance 


DifF.  Const. 


Substance 


Diff.  Const. 


Muscle""' 

Connective  tissue"'" 
Chitin-''"- 


0.14 

0.115 

0.013 


Water'^" 
Gelatin"'' 


0.34 
0.28 


through  tissues  for  short  distances,  although  exceptional  cases  of  gas  secretion 
against  a  gradient  have  been  demonstrated  in  a  number  of  fish  and  in  some 
invertebrates.-""'  Diffusion  rates  of  oxygen  in  water  and  tissues  are  presented 
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in  Table  34.-'="'  The  value  for  the  diffusion  constant*  increases  with  rising 
temperature,  about  1  per  cent  per  degree,  taking  the  rate  at  20°  C.  as  unity. 
In  spite  ot  its  larger  molecular  size,  carbon  dioxide  diffuses  through  tissues  20 
to  30  times  faster  than  oxygen  does,  owing  to  the  higher  solubility  of  COo . 
Members  of  the  more  primitive  phyla  (Protozoa,  Rotatoria,  Porifera,  Coel- 
enterata,  Platyhelminthes,  Nemertea,  and  some  Annelida),  as  well  as  eggs  and 
embryos  of  all  groups,  can  procure  their  oxygen  entirely  by  diffusion  without 
recourse  to  special  respiratory  mechanisms  or  circulatory  systems.  The  rela- 
tionship between  adequate  oxygen  pressure  and  oxygen  consumption  for  small 
spherical  organisms  is  summarized  by  the  equation: 


Co     =     

6D 

in  which  Co  is  the  required  oxygen  pressure,  A  the  oxygen  consumption  of  the 
tissue  in  cc.  oxygen  per  gm.  per  minute,  r  the  radius  of  the  sphere,  and  D  the 
diffusion  coefhcient  of  oxygen  through  the  tissues.' ^"^  In  organisms  with  fairly 
high  metabolic  activities  diffusion  will  suffice  if  the  tissue  is  no  more  than  I 
mm.  in  diameter.-""'  However,  in  animals  with  tissues  more  than  1  mm.  distant 
from  an  oxygen  supply  some  supplementary  transporting  system  is  necessary. 
With  an  adequate  oxygen  source  rapid  utilization  establishes  a  high  gradient, 
and  diffusion  over  short  distances  ma\  be  very  rapid.  Bronk''-  has  shown  by 
the  microelectrode  technique  that  oxygen  diffusion  in  brain  tissues  is  suffi- 
ciently rapid  to  demonstrate  fluctuations  in  oxygen  tension  concordant  with 
the  respiratory  rhythm,  when  the  partial  pressure  is  measured  at  a  distance  of 
some  25  /i,  from  an  arteriolar  oxygen  supply. 

TYPES  OF  RESPIRATORY  MECHANISMS 

The  striking  adaptabilit\'  of  animals  tor  the  procurement  of  oxygen  is  exem- 
plified by  the  many  modifications  which  have  evolved  to  alleviate  limitations 
imposed  by  simple  diffusion.  Organisms  have  met  similar  respiratory  problems 
in  different  ways.  1  he  elaboration  of  respiratory  mechanisms  has  developed 
along  with  the  evolution  of  efficient  vascular  ("convection")  systems.  Krogh's 
admirable  survey-'"  of  respiratory  adaptations  should  be  consulted  in  this 
connection,  as  well  as  the  extensive  review  of  respiratory  systems  by  Guieysse- 
Pellissier.'"^  Four  main  types  of  respiratory  mechanisms  are  considered  here: 
(1)  integument,  (2)  gills,  (3)  lungs,  and  (4)  tracheae. 

Integument.  Cutaneous  respiration  plays  a  significant  role  in  the  respiratory 
economy  of  many  invertebrates,  and  it  is  safe  to  say  that  it  occurs  to  some 
extent  in  all  animals.  A  circulating  mechanism  is  required  in  aquatic  animals, 
either  cilia  or  movement  of  the  organ  as  a  whole,  to  move  the  water  over  the 
respiratory  surfaces.  In  air-breathing  forms  a  moist  integument  is  essential  for 
significant  gas  exchange  through  the  skin,  and  mucous  glands  are  generally 
found  in  cutaneous  air  breathers,  as  the  terrestrial  isopods,  molluscs,  and 
amphibians.  Cutaneous  respiration  is  more  common  than  generally  recognized 

*  The  diffusion  constant  (10'  times  the  diffusion  coefficient)  is  defined  as  the  number 
of  cc.  of  oxygen  (reduced  to  0°  C,  760  mm.  Hg)  passing  through  a  distance  of  1  n  over 
an  area  of  I  sq.  cm.  with  a  pressure  difference  of  1  atmosphere. 
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because  it  will  occur  by  necessity  through  all  permeable  membranes  when 
the  partial  pressure  of  the  gas  establishes  a  sufficient  gradient. 

Special  respiratory  mechanisms  have  evolved  in  some  annelids  (Nereis  and 
Chaetopterns),  but  many  members  of  this  phylum  respire  through  the  general 
body  surface.  In  the  oligochaete,  Drilocritis,  a  specialized  "dorsal  groove"  in 
the  epithelium  permits  the  drawing  of  air  bubbles  below  the  water  surface  and 
the  absorption  of  oxygen  through  this  portion  of  the  skin."''  The  pulmonale 
gastropods  (Limnaea  and  Helicosovia)  can  depend  on  their  integuments  when 
submerged  for  long  periods  of  time,  particularly  at  lower  temperatures,  al- 
though usually  they  take  in  aerial  oxygen  through  the  lungs.*"'"  Fraenkel  and 
Herford^^^  showed  in  blowfly  larvae  (Calliphora)  that  under  experimental 
conditions  10  per  cent  of  the  total  oxygen  intake  could  be  accounted  for  by 
cutaneous  channels.  Embryos,  young  larvae,  and  some  "transparent"  arthro- 
pods also  respire  through  the  body  surface.  The  fish  Acara  (Chromidae)  under- 
goes caudal  differentiation  with  great  increase  in  vascularity  so  that  the  tail 
becomes  a  specialized  respiratory  structure. 

From  the  time  of  Spallanzani,  numerous  investigators""'  -^°'  -^^  have  studied 
the  problem  of  gas  exchange  through  the  integument  of  vertebrates,  many  of 
which  respire  through  the  skin,  particularly  in  eliminating  carbon  dioxide 
(Table  35).  According  to  Krogh  the  eel's  skin  can  provide  60  per  cent  as  much 

TABLE  35.  CUTANEOUS  RESPIRATION  OF  SEVERAL  VERTEBRATES''' 

(Respiratory  Exchange  expressed  as  cc./sq.  dcm./hour) 


Oxygen 

Carbon 

dioxide 

Calculated  from 

Animal 

Max. 

Mean 

Max. 

Mean 

Experiments  of 

Man 



0.50 



1.18 

Gerlach'^^ 

Man 





3.1 

0.94 

Schierbeck"- 

Pigeon 

0.92 

0.47 

1.1 

0.60 

Krogh^" 

Tortoise 

0.1 



0.15 



" 

Frog  (R.  fusca) 

1.9 

1.51 

5.3 

3.0 

" 

Frog  (R.  escideitta) 

2.1 

1.62 

4.4 

3.1 

" 

Eel 

1.05 

0.74 





TABLE  36.  COMPARISON  OF  CUTANEOUS  AND  PULMONARY 
RESPIRATION  IN  FROGS  AT  20°  C.  [AFTER  KROGH''") 

(Respiratory  exchange  expressed  as  cc./kg./hr.  *) 


Cutaneous  Respiration 

Pulmonary  Respiration 

Animal 

O. 

CO. 

CO. 

o. 

O. 

CO. 

CO. 

o. 

Rana  esculenta 
Rana  fusca 

62 
52 

119 
129 

1.92 

2.48 

59 
105 

19 
45 

0.32 
0.43 

oxygen  as  is  provided  when  the  gills  and  skin  both  function  in  normal  respini- 
tion.  This  is  sufficient  to  support  the  fish  for  an  indefinite  period  at  low 
temperatures  but  is  inadequate  above  15°  C.-"  In  man  and  pigeons  less  than 
1  per  cent  of  the  oxygen  intake  is  through  the  integument. 

Studies  have  demonstrated  species  differences  in  the  proportion  oi  cutaneous 
to  pulmonary  respiration  in  frogs  (Table  36)  and  have  disclosed  the  relative 
*  Morrison''''  has  utilized  the  less  ambiguous  mathematical  expression,  cc./kg.hr. 
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importance  of  skin  and  lungs  in  oxygen  and  carbon  dioxide  exchange  (Fig. 
37).  Ox\gen  uptake  by  the  lungs  and  carbon  dio.xide  elimination  by  both 
lungs  and  skin  reach  a  peak  in  April  and  a  minimum  in  December.  Oxygen 
uptake  through  the  skin  remains  almost  constant  throughout  the  vear.  Ihus 
the  cutaneously  derived  ox\'gen,  entering  by  diflusion,  can  supply  two  thirds 
of  the  oxygen  requirement  during  the  winter  months  under  laboratory  condi- 
tions, but  only  a  small  fraction  of  the  spring  oxygen  demand.  Presumably 
during  hibernation  all  of  the  oxygen  consumed  enters  through  the  cutaneous 
route. 

Gills.  Gills  are  respiratory  appendages,  generally  well  vascularized,  and 
usually  ciliated  and  motile,  or  located  in  the  current  of  water  flow.  They  are 
usually  aquatic  but  may  be  aerial,  and  they  are  sometimes  both.   The  respira- 


Fig.  37.   Oxygen  and  carbon  dioxide  exchange  through  the  skin  and  lungs  of  the  frog 
Rana  temporaria,  throughout  the  year.   After  Dolk  and  Postma."" 


tory  functions  in  some  cases  have  been  combined  or  confused  with  other 
processes,  such  as  salt  absorption  in  the  so-called  "anal  gills"  of  Citlex  and 
Chirononnis  (see  Ch.  2).-"^  Moxement  of  water  o\'er  the  surface  of  aquatic 
gills  is  mandatory  to  insure  efficient  respiratory  exchange.  The  countercurrent 
principle  of  operation  in  fish,  the  water  outside  the  gill  surface  and  the  blood 
of  the  adjacent  capillaries  inside  Rowing  in  opposite  directions,  provides  for 
rapid  oxygen  uptake  and  almost  complete  saturation  as  the  blood  leaves  the 
gill  hlaments.^" 

Dermal  branchiae,  the  so-called  papulae,  are  found  in  many  of  the  echino- 
derms  supplementing  respiratory  exchange  through  the  tube  feet.  1  he  papulae 
are  evaginations  of  the  body  wall  ("extensions  of  the  coelom"),  bringing  the 
gently  moving  coelomic  fluid  in  close  association  with  the  cilia-stirred  external 
sea  water.  In  Asterias  a  specialized  region  of  the  ambulacral  svstem  and  a 
portion  of  the  madreporite  plate  have  been  regarded  as  respiratory  in  nature. -'*- 

Polychaetes  have  evolved  some  elaborate  gill  structures,  such  as  parapodia 
(Nereis),  gills  (Arcnicola),  and  branchial  tufts  ( Dasyhranchns) .  Bispara  voluti- 
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cornis  has  been  shown  by  extirpation  experiments  to  take  up  through  the 
filaments  oF  the  branchial  tufts  approximately  37  per  cent  of  the  total  oxygen 
consumed,'^***^  the  rest  entering  through  the  integument. 

Molluscs  show  a  great  range  of  respiratory  mechanisms  with  a  marked 
tendency  toward  the  development  of  aerial  gills.  The  primitive  Chiton  has 
six  to  eight  aquatic  gills  in  each  pallial  groove.  Bivalves  generally  have  two 
pairs  of  gills  or  ctenidia,  each  with  two  lamellae,  situated  in  a  water  supply 
flowing  through  the  mantle  cavity.  Gastropods  are  gill-bearing  except  for  the 
pulmonate  land  snails,  in  which  the  "lung"  is  actually  modified  from  the 
lining  of  the  mantle  cavity.  Ancula,  an  opisthobranch  snail,  with  both  aquatic 
and  aerial  tendencies,  possesses  on  its  back  a  peculiar  system  of  rigid  gills 
which  can  extract  oxygen  from  both  air  and  water. 

Crustacean  gills  are  generally  enclosed  within  a  chamber  and  require  water 
circulation  for  adequatic  respiratory  exchange.  In  the  fresh-water  crab, 
Potamonantes,  for  instance,  the  paddle-like  movement  of  the  scaphognathite 
is  indispensable,  and  without  it  respiratory  exchange  in  the  gills  is  inadequate 
to  support  life  in  water.^^^  This  animal  can  survive  in  relatively  dry  air  so 
long  as  the  branchial  chamber  remains  moist. 

Pearse-'^^'  -"^^  has  made  an  extensive  study  of  the  respiratory  apparatus  of 
crustaceans  and  has  correlated  gill  reduction  with  migration  from  marine  to 
terrestrial  habitats.  The  hermit  crab,  Coenohita,  can  get  along  in  air  with  the 
gills  removed.  The  ghost  crab,  Ocypode,  has  lost  many  gills  but  in  their  place 
has  developed  branchial  tufts— vascularized  membranous  projections  of  the 
branchial  cavity  (Table  37). 

TABLE  37.  REDUCTION  OF  GILL  STRUCTURE  IN  CRUSTACEA  WITH 

TRANSITION  FROM  MARINE  TO  TERRESTRIAL  HABITATS 

(AFTER  PEARSE^") 


Ratio 

between 

Volume* 

Bran- 

No. of 

of  Body 

chial 

Gills 

&  Gills 

Tufts 

Habitat 

Paguristes  punticeps 

26 

0 

Below  low  tide 

Calcinus  sidcatus 

26 

0 

Low-tide  mark 

Clibanarious  tricolor 

18 

0 

Near  high-tide  mark 

Coenohita  diogens 

14 

0 

Land 

Callinectes  marginatiis 

16 

21:1 

0 

Pelagic  and 
between  tides 

Mithrax  sculptus 

18 

36:1 

0 

Coral  reefs 

Leptodiiis  floridaniis 

18 

38:1 

0 

Reefs  and  along  shore 

Plagusia  depressa 

18 

42:1 

0 

Rock-walls,  low-tide 
marks 

Grapstis  grapsus 

18 

35:1 

0 

Rock-walls,  along 
shore 

Pachygrapsus  transversus 

18 

40:1 

0 

Loose  rocks  and 
between  tides 

Geograpsus  Uvidus 

18 

57:1 

0 

Loose  rocks, 
high-tide  mark 

Gecarcinus  lateralis 

18 

48:1 

0 

Land 

Ocypode  alhicans 

12 

61:1 

5  rows 

Sand,  beaches  &  land 

*Measured  by  displacement  of  water  after  hardening  in  1  per  cent  chromic  acid. 
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Specialized  epithelial  modifications  are  not  uncommon  in  supplementing 
the  activity  of  the  gills.  The  hermit  crab,  Coenohita,  has  such  a  region  on  the 
ventral  side  of  the  anterior  part  of  the  body  which  must  carry  on  much  of  the 
respiratory  exchange  in  the  absence  of  a  well  developed  gill  system.  Long  ago 
Birgus  Ultra,  a  terrestrial  robber  crab,  was  shown  to  possess  a  modified  gill 
chamber  in  which  vascularized  epithelial  appendages  on  the  roof  of  the  cavity 
supplement  respiratory  exchange  by  the  reduced  gills. 

The  woodlice,  Isopoda,  represent  a  seriation  from  aquatic  to  terrestrial 
existence,  and  the  gill-like  structures  on  the  endopodites  of  the  pleopods  show 
increasing  adaptations  from  aquatic  to  aerial  respiratory  structures  in,  for 
example,  the  three  forms:  Ligia,  which  is  essentially  amphibious  and  hygric; 
Oniscus,  which  dwells  in  damp  places;  and  the  more  xeric  Porcellio,  which 
prefers  drier  conditions."^''  •^*'*  The  endopodites  of  aquatic  isopods  have  thinner 
walls  than  do  those  of  terrestrial  species.  The  latter  may  develop  systems  of 
capillary  grooves  which  permit  moisture  to  drain  either  toward  the  rectum  for 
absorption  or  toward  the  pleopods  to  moisten  the  respiratory  structures. 

In  Aselhis  and  Porcellio  the  "white  body"  or  "tracheal  organ"  functions  as  a 
respiratory  structure  particularly  concerned  with  the  elimination  of  carbon 
dioxide.  ^''^  Extirpation  of  these  structures  from  the  pleopods  causes  death 
within  a  few  hours  to  several  days. 

Certain  groups  of  insects  possess  tracheal  gills,  either  aquatic  or  aerial,  in 
which  a  tracheal  system  replaces  the  blood  vascular  system  (Ephemeridae, 
Odonata,  Trichoptera,  Coleoptera).  Experimental  procedures  applied  to  may- 
fly nymphs  indicate  that  the  caudal  gills  play  an  important  part  in  the  respira- 
tory exchange.-^"'  •"-  If  the  gills  are  removed  from  Hexagenia  reciirvata,  the 
oxygen  uptake  is  decreased  50  per  cent.  The  damsel  fly  naiad  (Enallagma) 
has  been  shown  by  extirpation  experiments  to  take  up  oxygen  normally 
through  the  caudal  gills  and  secondarily  through  the  body  surface.-^**  In 
normal  animals  oxygen  is  removed  from  the  medium  down  to  2,4  per  cent 
saturation,  whereas  in  gill-less  individuals  oxygen  is  removed  from  the  medium 
only  down  to  14.5  per  cent  saturation.  In  the  caddis  fly,  Macronema,  on  the 
other  hand,  gill  removal  results  in  little  or  no  reduction  in  oxygen  consump- 
tion.-^^ 

The  pharyngeal  gill  structure  of  prochordates  is  elaborate,  but  efficiency 
seems  to  have  yielded  to  size.  Amphioxiis  has  well  over  100  functional  ciliated 
branchial  bars.  The  multi-slotted  branchial  sac  of  the  tunicate  is  also  well 
equipped  with  cilia  to  provide  for  the  circulation  of  water  through  the  gill  slits 
and  over  the  vascularized  gill  filaments. 

In  the  vertebrates  the  gills  are  either  external,  as  in  embryonic  lungfish  and 
Amphibia,  or  enclosed  within  a  chamber  as  in  the  teleosts.  The  adult  lamprey 
with  its  peculiar  jawless  sucking  mouth  has  covered  gills,  and  these  are  ven- 
tilated by  water  which  passes  both  in  and  out  of  the  several  gill  openings.  The 
male  lungfish,  Lepidosiren,  develops  temporary  pelvic  gills  during  the  breeding 
season  when  he  assumes  custodianship  of  the  eggs  and  young  and  remains 
below  surface  in  oxygen-deficient  water.-  It  has  been  claimed  that  the  oxygen 
content  increases  in  the  water  around  the  eggs,  a  result  of  actual  oxygen 
secretion  by  the  gill  filaments.^--  ^'^  Gills  reach  their  greatest  development 
among  the  teleosts  and,  considering  the  respiratory  area,  have  been  regarded 
as  surpassing  the  lungs  in  efficiency.*'"   Gill  efficiency,  however,  depends  on 
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the  rate  at  which  the  water  passes  over  them,  and  in  the  mackerel,  for  instance, 
respiration  is  inadequate  to  support  life  unless  the  fish  is  in  constant  forward 
motion. i'^-'  It  is  essential  that  the  mackerel  keep  moving!  Teleost  gills  are 
capable  of  independent  but  coordinated  movement,  and  Bijtel'^^  has  observed 
in  windowed  specimens  a  mechanism  by  which  fish  gills  close  the  gaps  at  their 
tips,  thereby  impeding  water  flow  during  the  "coughing"  reflexes  apparently 
associated  with  cleaning  out  the  gill  passages.  The  gills  of  Amphibia-func- 
tional throughout  the  lifetime  of  some  urodeles  and  only  during  the  larval 


B 


D 


Fig.  38.  Gill  filaments  of  larval  Salamandra.  Schematic  representation  of  gill  filaments 
of  larvae  raised  under  conditions  of  (A)  low  oxygen  tension  (80  mm.  Hg)  and  (B) 
high  oxygen  pressure  (760  mm.Hg).  Transverse  sections  of  filaments  of  larvae  developed 
in  (C)  low  and  (D)  high  oxygen  tensions.   From  Drastich."* 

Stage  of  others,  but  always  supplemented  functionally  by  cutaneous  or  lung 
■respiration— may  show  modifications  in  size  and  arborization  within  single 
individuals  in  response  to  changes  in  the  availability  of  oxygen.  The  gill  fila- 
ments of  larval  Salamandra,  for  example,  are  large,  branched,  and  thin-walled 
on  animals  raised  in  low  oxygen  tensions  (80  mm.  Hg),  but  on  salamanders 
developed  at  high  oxygen  pressure  (760  mm.  Hg)  they  are  small,  stubby,  and 
thick-walled»8  (Fig.  38).'' 

Boell   (personal  communication)   reports  no  decrease   in  oxygen  consumption   by 
Amhlystoma  deprived  of  gills. 
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A  number  of  accessory  respiratory  adaptations  are  found,  particularly  among 
fish,  to  increase  the  efficiency  or  to  supplement  the  action  of  gills.  Many  of 
these  adaptations  permit  air  breathing,  allowing  some  obviously  aquatic  teleosts 
to  become  temporary  land  dwellers.  Thus  the  branchial  chamber  may  become 
adapted  as  a  gas  storage  chamber  to  aerate  the  gills,  as  in  the  "jumping  Hsh" 
Periophthalmus.'-'^'^'^'  •""  By  increasing  surface  area  and  vascularization  the 
branchial  chamber  may  provide  for  some  gas  exchange  itself,  as  in  the  electric 
eel,  Electrophorns.*^^  Well  developed  branchial  diverticula,  facilitating  gas 
exchange,  have  been  described  for  many  air-breathing  fish,  as  Anahas,  Clarias, 
and  Periopthalmns^'^-  -^^  (Fig.  39).  These  accessory  respiratory  structures  not 
only  subserve  aquatic  gills  but  may  become  essential  in  providing  adequate 
oxygen,  as  in  Anahas,  which  will  drown  if  it  is  denied  access  to  atmospheric 
air.  Buccal-phai:yngeal  respiratory  exchange  among  vertebrates  is  not  limited 
to  fish;  a  considerable  body  of  evidence  points  toward  its  occurrence  in  anu- 
rans,"^*"'-'  turtles, '-■^'  -''■^  and  lizards. '°^ 

Gill  respiration  in  a  sense  represents  a  stage  of  cutaneous  breathing  in  which 


Fig.  39.   Branchial  diverticula  in  the  air-breathing  teleost,  Clarias  lazera,  subserving 
the  gills  in  aerial  respiration.  From  Marlier."^ 

appendages  have  become  specialized  for  gas  exchange— structures  which  in- 
crease the  area  and  efficiency  for  gas  transport  across  the  respiratory  surfaces. 
They  show  considerable  modification  with  changes  in  the  oxygen  environment 
and  frequently  function  in  combination  with  other  respiratory  structures  in 
the  exchange  of  vital  gases.  Being  external  structures  without  strong  means  of 
support,  they  are  most  commonly  adapted  to  the  water  environment. 

Lungs.  These  are  most  simply  defined  physiologically  as  respiratory  sur- 
faces folded  into  the  body,  a  description  that  includes  a  variety  of  structures.-"' 
They  are  usually  aerial,  although  in  some  cases  they  are  water-filled  and 
extract  dissolved  oxygen.  In  all  cases  the  lung  surfaces  must  be  moist,  and  gas 
transport  occurs  across  a  thin  water  film.  Lungs  are  of  two  general  types, 
diffusion  and  ventilation,  depending  on  the  presence  of  renewal  mechanisms. 
All  the  lung-like  organs  considered  here  are  parts  of  or  outgrowths  from  the 
alimentary  tract.  ^ 

Water-Lungs.    Water-lungs  are  found  in  several  invertebrate  phyla  and 
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consist  essentially  of  respiratory  cavities  filled  with  water,  rhythmically  drawn 
into  and  expelled  from  the  body.  Respiratory  trees  of  holothurians  are  alter- 
nately filled  and  emptied  by  means  of  muscular  movements  of  the  body  wall, 
and  gas  exchange  occurs  by  simple  diffusion  between  the  lung  water  and  body 
fluid.^^  The  entire  hind-gut  of  the  gephyrean  worm,  JJrechis  caupo,  consti- 
tutes a  respiratory  organ,  muscular  contractions  of  the  cloacal  region  serving 
as  the  pumping  mechanism.^^'  This  thin-walled  respiratory  surface,  adjacent 
to  the  coelomic  fluid  which  is  constantly  agitated  by  antiperistaltic  waves  in 
the  hind-gut,  provides  adequate  gas  exchange;  water  expelled  from  the  hind- 
gut  contains  less  oxygen  by  about  40  per  cent  and  more  carbon  dioxide  than 
the  surrounding  medium.-^'*  The  pulmonate  snails,  Livinaea  and  Planorhis, 
are  able  to  live  under  water  for  considerable  periods  of  time,  the  lungs  filling 
with  water  and  aiding  the  skin  in  respiration.  Water  can  be  rapidly  sucked 
into  the  "Endblase"  or  hindmost  gut  in  the  dragonfly  larva  (Aeschna)  and 
brought  in  contact  with  the  respiratory  surfaces.-"*^^ 

Alimentary  Mucosa.  Some  vertebrates  possess  modified  gastrointestinal 
epithelium  which  permits  uptake  of  oxygen  from  swallowed  air.  Gastric 
respiration  is  known  to  occur  in  such  tropical  forms  as  Plecostomiis  and  Ancis- 
trus,^^'  ^^  and  intestinal  respiration  has  been  demonstrated  in  a  great  many 
other  varieties  of  fish.  In  the  loach,  Cohitiis,  gas  exchange  is  indicated  not  only 
by  the  histologic  nature  of  the  mucosa  but  also  by  direct  determination  of  the 
gas  of  the  intestinal  lumen,  which  shows  less  oxygen  (15.7  per  cent)  and  more 
carbon  dioxide  (3.0  per  cent)  than  does  air."^**  Some  of  the  South  American 
tropical  fish  which  inhabit  waters  low  in  oxygen  are  also  regarded  as  intestinal 
breathers  (Doras,  Loricaria,  Callichthys,  and  Hoplosternum) .^"^ 

Gas  Bladder.  The  gas  bladder,  considered  by  many  to  be  the  forerunner  of 
the  vertebrate  lung,  functions  in  respiratory  exchange  in  many  of  the  physo- 
stome  (open-duct)  teleosts,  ganoids,  and  dipnoans.  To  be  efficient  as  a  respira- 
tory organ,  the  gas  bladder  must  have  some  renewal  mechanism.  Many 
gas  bladders  have  a  respiratory  type  of  epithelium,  partitions  forming  "alveoli," 
and  their  own  blood  supply  derived  from  the  pulmonary  arch  (Fig.  40).  The 
gas  bladder  can  serve  merely  as  an  accessory  organ  when  the  oxygen  tension 
falls,  as  in  the  actinopterygian,  Polypterus,  or  as  the  main  respiratory  mechan- 
ism in  the  true  lungfishes,  Protopterus,  Lepidosiren,  and  N eoceratodus.^^-'  ^'^'■^• 
287,  289  (^Pqj  q  stimulating  discussion  of  the  adaptability  of  the  African  lung- 
fish,  see  Homer  W.  Smith's  Kamongo.''^'-^'^')  As  a  respiratory  organ  the  gas 
bladder  must  give  up  oxygen  and  take  on  carbon  dioxide  so  that  analyses 
should  indicate  less  oxygen  and  more  carbon  dioxide  than  in  the  inspired 
atmospheric  air,  a  situation  shown  to  exist  in  many  physostome  fish.^^^-  ^^^ 
TTie  occurrence  of  a  very  high  oxygen  concentration,  up  to  87  per  cent  in  some 
cases,  in  the  gas  bladder  of  physoclyst  (closed  duct)  fish  from  great  depths  is 
of  interest  in  connection  with  possible  gas  secretion  and  hydrostatic  function 
but  apparently  is  of  little  respiratory  consequence.  If  the  bladder  is  punctured 
or  the  fish  put  under  considerable  pressure  so  as  to  increase  the  specific  gravity 
of  the  animal,  the  oxygen  content  of  the  swim  bladder  increases,  indicating  gas 
secretion.  This  gas  exchange  is  under  nervous  control.--"  The  physoclyst 
perch,  Perca  flavescens,  taken  from  surface  water  contains  oxygen  in  approxi- 
mate equilibrium  with  atmospheric  air,  but  if  the  fish  is  subjected  suddenly 
to  an  oxygen  deficiency,  as  by  rapid  submergence  to  a  considerable  depth,  the 
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oxygen  in  the  swim  bladder  is  given  up  to  the  tissues,  indicating  a  storage  func- 
tion of  the  structure  operating  in  times  of  stress  (Fig.  41).''''  When  subjected 
to  asphyxiating  conditions  in  the  absence  of  carbon  dioxide  the  tautog  and 
toadHsh  use  virtually  all  of  the  available  oxygen  in  the  swim  bladder,  the  scup 


li 


Fig.  40.  Lungs  of  the  dipnoan,  Protoptems  annectens,  viewed  from  the  ventral  side. 
The  main  arterial  blood  supplv  (p.a.)  is  derived  from  the  pulmonary  (sixth)  arch.  From 
Parker.^' 


and  killifish  use  about  two-thirds. '"'"'   With  increase  of  carbon  dioxide  in  the 
water,  the  oxygen  utilized  from  the  swim  bladder  is  diminished. 

Diffusion  Lungs.  In  the  absence  of  ventilating  mechanisms  the  lungs  quite 
naturally  are  supplied  with  air  by  diffusion.  This  system  imposes  limitations 
on  both  the  size  of  the  animal  and  the  rate  of  metabolism,  but  the  mechanism 
is  not  uncommon,  particularly  among  the  arthropods  and  molluscs  (Scorpioni- 
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dae,  Pedipalpi,  Araneidae,  Porcellionidae,  Janellidae).  Book  lungs  of  the 
scorpion,  Opisthoplithahwus  capensis,  for  instance,  with  no  ventilating  appara- 
tus, provide  for  practically  all  the  respiratory  exchange  of  the  organism.  Re- 
moval of  the  book  lungs  reduces  the  gas  exchange  to  approximately  zero.-^'^" 
Adequate  diffusion  occurs  with  slight  differences  in  oxygen  pressure,  owing 
to  the  large  surface  area  of  the  lungs.  Calculations  of  pressure  differences 
across  the  respiratory  epithelium  indicate  that  values  as  low  as  1  mm.  Hg  in 
the  chilopod,  Sciitigera,-^^'  and  2  mm.  Ilg  in  the  air-breathing  pulmonate, 
Arion,^-''  are  sufficient  for  gas  exchange. 

Ventilation  Lungs.  The  respiratory  efficiency  of  \'entilation  lungs  is  im- 
proved as  a  result  of  the  higher  ax'crage  oxygen  gradient  maintained  across  the 
luno  surfaces.  Two  kinds  of  ventilating  mechanisms  are  found  among  \'erte- 
brates,  a  positive-pressure  type  in  which  air  is  forced  into  the  lungs  by  swallow- 
ing (as  in  the  frog),  and  a  negative-pressure  system  in  which  air  is  drawn 
into  the  respiratory  cavities  by  increasing  the  space  about  the  lungs  (as  in 
man).  During  eupnea  (normal  breathing)  in  mammals,  inspiration  is  active 
and  expiration  largely  passive,  but  in  some  animals  both  movements  may  be 
effected  by  active  muscular  contraction,  as  in  birds-'^"*  and  turtles.-^'' 

Increase  in  metabolic  requirements  of  higher  animals  is  correlated  with 
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Fig.  41.  X-radiograph  of  physoclyst  perch,  Perca,  showing  the  swim  bladder,  an 
emergency  oxygen  store  as  well  as  a  hydrostatic  organ.    From  Hall.''*' 

greater  complexity  of  the  lungs  and  with  less  dependence  on  cutaneous  and 
gill  respiration.  The  lungs  are  characterized  by  (1)  increased  surface  area 
and  partitioning  into  alveoli,  (2)  greater  vascularization,  and  (3)  more  ade- 
quate ventilation. 

Although  the  lungs  ol  some  mammals  have  been  described  as  being  partially 
devoid  of  "respiratory  epithelium,"  thereby  exposing  mesodermal  endothelium 
of  the  capillaries  to  the  alveolar  air,  the  recent  re\iew  of  Guieyssc-Pellissier''''' 
concludes  that  the  evidence  is  based  on  inadequate  technique  and  that  the 
respiratory  epithelium,  although  occasionally  enucleate,  is  complete.  Muscle 
Hbers  can  be  demonstrated  in  the  walls  of  reptilian  lungs'"''  and  down  to  the 
alveolar  sacs  in  those  of  the  mammal.  Active  contractions  of  the  respiratory 
musculature  correspond  to  the  \'entilation  rhythm. 

Gas  exchange  across  the  moist  respiratory  membranes  seems  adequately  pro- 
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vided  by  forces  of  physical  diffusion  and  docs  not  require  the  additional  process 
of  secretion  as  Haldane '■''•'  contended  earlier.''^-  "*  Mice  when  administered 
carbon  dioxide  containing  the  radioactive  isotope  C'^  show  a  rapid  two-way 
exchange  of  the  gas  across  the  lung  surface  with  a  total  effective  transfer  from 
the  blood  to  the  alveoli."''" 

In  birds  the  characteristic  lung  mechanism  equipped  with  air  sacs  permits  a 
two-way  flushing  of  the  lungs  and  provides  for  gas  exchange  during  both 
inspiration  and  expiration  (Fig.  42).   Calculations  by  Krogh-"'  indicate  that 


Fig.  42.  Lungs  and  air  sacs  of  pigeon  photographed  from  a  metal  cast. 
From  Scharnke."" 


three  fourths  of  the  total  inspiration  (tidal  volume)  is  taken  up  by  air  sacs 
and  one  fourth  by  the  lungs  themselves.  The  respiratory  exchange  is  auto- 
maticallv  increased  during  flight  by  the  synchronization  of  wing  and  respira- 
tory movements.  Similar  coordination  between  respiration  and  flight  move- 
ments occurs  in  bats.''^'' 

The  lung  tvpe  of  respiratory  mechanism  is  advantageous  not  only  by  virtue 
of  size  and  of  adaptabilit\-  to  homoiothermic  activities,  but  also  by  reason  of 
the  protection  provided  against  mechanical  damage  and  dehydration,  and  as 
further  opportunity  for  efficient  xentilation.  Lungs,  probably  derived  from  the 
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gas  bladder  of  primitive  bony  fish,  have  very  satisfactorily  met  the  respiratory 
requirements  imposed  on  animals  in  passing  from  aquatic  to  aerial  media. 

Tracheae.  The  phylum  Arthropoda  has  monopolized  the  evolution  of  the 
tracheal  mechanism,  a  distinctive  system  of  air  tubules,  opening  to  the  outside 
through  spiracles  and  ramifying  to  all  parts  of  the  body  to  penetrate  tissues 
and  even  cells.  The  system  is  adapted  to  aquatic  as  well  as  terrestrial  condi- 
tions, permits  rapid  oxygen  uptake,  and  allows  a  high  degree  of  animal  organi- 
zation; the  main  limitation  seems  to  be  the  size  attainable  by  tracheates.  As 
with  lung  mechanisms,  the  tracheal  system  may  be  dependent  either  on  simple 
diffusion  for  air  or,  in  more  active  and  larger  forms,  on  mechanical  ventilation. 

Respiratory  movements  are  generally  absent  from  the  arthropods  Onycho- 


Fig.  43.  Tracheal  response  to  osmotic  change  during  rest  (A)  and  after  activity  (B). 
1,  trachea;  2,  tracheal  cell;  3,  parts  of  tracheoles  containing  air;  4,  parts  of  tracheoles 
containing  fluid;  5,  muscle.   From  Wigglesworth.'"'" 

phora,  Arachnida,  Myriapoda,  and  Chilopoda,  from  most  terrestrial  larvae, 
from  all  pupae,  and  from  many  small  winged  adult  insects.-""'  Size  and  metab- 
olic rate  are  important  factors  in  regard  to  the  adequacy  of  simple  diffusion, 
and  although  some  insects  (Periplaneta,  Dixipp^is)  rely  on  diflfusion  when  at 
rest,  they  call  upon  \'entilation  movements  during  higher  levels  of  metabolic 
activity. 

The  innermost  ends  of  the  tubes,  the  tracheoles,  arc  fluid-Iilled  in  some 
insects  and  are  certainly  permeable  to  water.  They  may  respond  to  changes 
in  muscular  acti\'ity  by  shifting  the  fluid  reversibly  between  the  tracheoles 
and  the  tissue.  According  to  Wigglesworth, •"'•''  in  mosquito  (Aedes)  and 
dragonfly  (Aeschna)  larvae  water  is  withdrawn  from  the  tubules  by  the 
osmotic  effect  of  increased  acid  metabolites  produced  during  activity,  and  air 
in  the  tracheoles  then  moves  closer  to  the  cells,  the  process  being  reversed 
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presumably  after  the  period  of  exercise  (Fig.  43).  In  Drosophila  larvae  the 
entire  tracheal  system  is  permeable  to  respiratory  gases  and  water,  and  various 
mechanical  stimuli  may  cause  Huid  uptake  by  the  tubes.'"^  In  Sciara  larvae, 
however,  the  tracheoles,  even  in  the  terminal  regions,  never  normally  contain 
fluid  after  their  initial  filling  with  gas.-"'  The  filling  process  can  begin  at  a 
point  within  a  main  tracheal  trunk,  can  occur  in  the  near  absence  of  oxygen, 
but  is  inhibited  by  totally  anoxic  carbon  dioxide,  carbon  monoxide,  and  nitro- 
gen, and  by  low  temperature  (0°  C).  The  filling  seems  to  involve  an  internal 
source  of  gas  produced  metabolically.-'*^ 

Special  tracheal  systems  permit  aquatic  respiration  in  certain  insects  (see 
page  21 5).  Many  aquatic  insects  possess  hydrofuge  faculties  which  permit  them 
to  make  contact  with  air  through  specially  modified  structures  of  the  body. 
The  water-air  surface  film  can  thus  be  penetrated,  and  unwettable  spiracles 
exposed  to  the  atmosphere,  to  facilitate  gas  exchange.  Hydrofuge  hairs  enable 
some  insects  {Dytisciis,  Notonecta)  to  trap  considerable  quantities  of  air,  which 
is  then  carried  below  the  surface  and  used  as  an  oxygen  store.'^''-''  The  very 
great  efficiency  of  such  surface-borne  air  in  the  respiration  economy  of  diving 
insects  (e.g.,  Amphelochcinis,  Hemiptera)  has  recently  been  pointed  up  in 
regard  to  the  "plastron"  mechanism. •^^•*  The  plastron  ("Lufthulle")  is  essen- 
tially an  epicuticular  hair-mat  with  its  trapped  air  serving  as  an  oxygen  supply 
while  the  insect  is  submerged.  Not  only  is  oxygen  which  was  originally 
obtained  at  the  surface  given  up  by  the  air,  but,  as  a  result  of  the  invasion 
coefficients  between  the  gases  and  water,  nitrogen  leaves  the  plastron  slowly, 
while  additional  oxygen  diffuses  in  from  the  surrounding  water.  Such  a  system 
was  noted  by  Ege'"''  as  bestowing  on  the  plastron  air  an  oxygen  supply  about 
thirteen  times  as  great  as  that  actually  afforded  by  its  original  volume. 

Tracheae  may  be  regarded  as  the  arthropod  contribution  to  respiratory  regu- 
lation—an efficient  mechanism,  but  restricted  by  the  limits  such  a  system 
imposes  on  the  size  attainable  by  the  organism.  No  other  group  of  animals 
has  met  the  respiratory  problem  in  quite  this  way. 

Summary.  We  see  then  a  number  of  respiratory'  adaptations  which  have 
developed  to  facilitate  gas  exchange.  Diffusion  per  se  through  the  body  surface 
is  sufficient  for  the  smaller  organisms  and  accounts  for  gas  exchange  across 
special  respiratory  surfaces.  The  structural  modifications  in  respiratory  mech- 
anisms essentially  have  been  along  the  lines  of  increasing  surface  area,  improv- 
ing ventilation,  and  bringing  the  respiratory  gases  into  more  immediate  contact 
with  the  internal  transporting  system.  Gills  are  characteristic  of  aquatic  forms; 
lungs  and  tracheae  have  made  possible  the  complex  development  of  land 
dwellers. 

THE  LEVELS  OF  OXYGEN  CONSUMPTION 

The  metabolic  economy  of  animals  shows  a  wide  variation  in  adjustment 
to  oxygen  availability.  Most  organisms  ha\'c  plenty  of  oxygen  at  their  disposal, 
but  some  are  adjusted  to  oxygen  deficiencies  and  others  to  what  constitutes 
essentially  an  oxygen-free  environment.  I  he  rate  of  oxygen  consumption 
reflects  the  metabolic  activity  of  aerobic  organisms  and  is  modified  by  a  number 
of  intrinsic  and  extrinsic  factors.  Such  physiological  changes  as  hyperthyroid- 
ism, aging,  hibernation,  estivation,  the  recovery  from  oxygen  debt  after  exer- 
cise, and  the  like,  may  alter  the  oxygen  uptake.  Such  environmental  conditions 
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as  temperature  affect  the  rate  of  oxygen  consumpti  i.  Gas  exchange  is  not  the 
only  index  of  activity  or  energy  production  of  an  organism,  but  its  correlation 
in  a  quantitative  way  with  rate  of  metabolism  and  heat  production  has  made 
it  the  generally  accepted  standard  of  the  over-all  measuic  of  metabolic 
processes. 

The  Determination  of  Oxygen  Consumption      It  is  unnecessary  to  discuss 
here  in  detail  the  many  methods  and  their  uses  that  have  been  elaborated  by 


^  a 


Fis-  44.   Respiromctcrs  developed  by  (a)  Warburg,'"''  (b)  Fenn,""  (c)  Scholander 
and  Edwards,"''  and  (d)  Holter  and  Linderst^t^n-Lang.'™ 

a  host  of  investigators  in  the  held.  Ihe  monographs  of  Dixon'''"  and  Krogh,-'^ 
as  well  as  I  Iciibrunn's  tcxt,"'"'^  Umbreit's  handbook, -'^"^  and,  if  micromethods 
are  desired,  the  important  review  by  robias,''^-''  should  be  consulted  for  ex- 
tensive bibli()gra]-)hics  as  well  as  discussions  of  principles,  sensitivities,  and 
limitations  in\'()l\ cd  in  the  \arious  techniques  that  haxe  been  devised.  I  he 
earlv  literature  was  abl\  summarized  bv  liuerstedt.''"'^ 
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The  mensuration  and  interpretation  of  respiratory  gas  exchange  dates  back 
to  the  signiHcant  efforts  of  Lavoisier,  whose  work  seems  to  have  inspired  the 
notable  group  to  follow,  including  Seguin,  Liebig,  Pettenkofer,  Voit,  and 
Rubner.  Further  comparative  physiological  investigations  were  stimulated  by 
the  careful  determinations  of  oxygen  consumption  by  Regnault  and  Reiset 
during  the  middle  of  the  past  century.  Today  the  literature  on  respiratory 
measurement— and  the  field  has  moved  largely  into  the  determination  of  cell 
and  tissue  respiratory  mechanisms— is  replete  with  the  works  of  Warburg, 
Fenn,  Linderstrom-Lang,  Needham,  and  others  who  have  designed  and 
developed  various  types  of  apparatus  to  attack  significant  respiration  problems 
(Fig.  44). 

Determinations  of  gas  exchange  and  oxygen  consumption,  particularly,  have 
been  made  on  a  great  variety  of  organisms,  but  owing  to  the  vicissitudes  of 
both  animals  and  techniques  the  results  are  sometimes  difficult  of  interpreta- 
tion. The  difference  between  "standard"  and  "basal"  metabolism,-'^  the 
variations  in  oxygen  consumption  due  to  size  and  activity,  with  the  attendant 
difficulty  in  attaining  "normal"  conditions,^^-^  the  apparent  shift  in  anaerobic- 
aerobic  respiratory  mechanisms  induced  by  experimental  procedures-"^'— these 
and  •  iher  difficulties  make  the  task  of  presenting  representative  oxygen  con- 
sumption values  a  precarious  one.  Nevertheless  some  limited  data  are  tabu- 
lated, which  bear  on  currently  significant  aspects  of  comparative  physiology. 
Other  extensive  surveys  of  oxygen  consumption  may  be  found  in  the  reviews 
in  Tabulae  Biologicae  by  Loewy-''^  and  Krebs-*^**- both  of  whom  consider  at 
length  tissue  as  well  as  organism  metabolism— and  particularly  in  the  tables 
in  Heilbrunn's  Outline  of  General  Physiology. ^^* 

The  method  of  expression  of  the  oxygen  consumed  presents  a  problem  in 
itself.  A  general  convention  and  one  that  has  been  followed  here  is  to  present 
the  data  as  cc.  oxygen  consumed  per  gm.  wet  weight  of  tissue  per  hour.  Such 
a  figure  is  of  considerable  comparative  value,  easily  computed  from  current 
gasometric  data,  and  readily  converted  into  standard  metabolism  units.  Oxygen 
consumption  may  be  expressed  in  terms  of  grams  rather  than  cubic  centi- 
meters, or  as  dry  (Q02  values)  rather  than  as  wet  weight  of  tissue.  For  some 
organisms  it  is  convenient  to  use,  in  lieu  of  weight  of  tissue,  numbers  of 
individuals,  as  the  oxygen  consumption  of  Protozoa  may  be  expressed  as  cc./ 
million/hr.^^''  ^""^  and  of  sperm  as  "Zoo"  values— cu. mm. /lO^  sperm/hr.^^ 
The  recent  application  of  the  Cartesian  diver  principle  to  the  determination  of 
live  weight  of  Amoeba  has  introduced  another  standard— the  O2  consumed 
(in  microliters)  per  gamma  of  "reduced  weight"  per  hour,  where  reduced 
weight  corresponds  to  the  weight  of  the  live  object  minus  the  weight  of  the 
water  displaced. ^^' 

Oxygen  Consumption  in  Relation  to  Size.  Small  organisms  have  higher 
rates  of  oxygen  consumption  than  larger  organisms  when  determined  both  for 
animals  within  a  given  species  and  for  those  of  closely  related  phylogenetic 
groups.  Since  the  days  of  the  early  metabolism  studies  on  man,  fat  people 
have  been  recognized  as  having  lower  oxygen  uptake  per  unit  weight  than 
lean  individuals.  This  has  been  attributed  to  the  "amount  of  active  proto- 
plasmic tissue"  as  the  basis  for  oxygen  consumption.-'^  Recent  studies  of  the 
metabolism  of  some  of  the  smallest  mammals,  including  shrews  weighing 
3  to  4  grams,  give  additional  evidence  for  the  general  rule  relating  gas  exchange 
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to  size  (Fig.  45,  and  Table  38).-^*-  -"  The  high  oxygen  uptake  of  the  long- 
tailed  shrew,  13.7  cc./gm./hr.,  is  startling;  it  may  be  noted  that  the  food  intake 
too  is  enormous— something  like  its  own  weight  in  food  every  24  hours!  As 
noted  recently  by  Pearson  the  asymptotic  increase  in  metabolic  rate  with 
decreasing  size  places  the  lower  limit  of  size  for  mammals  at  about  2.5  gm.;  a 
smaller  mammal  would  be  unable  to  obtain  adequate  food  for  its  infinitely 
rapid  metabolism.  The  metabolic  values  for  these  small  mammals  exceed  the 
oxygen  consumption  of  Protozoa;  assuming  a  specific  gravity  of  about  1,  Para- 
mecium respiration  is  6.0  cc./gm./hr.,^*'^  and  that  of  Tetrahymena  geleii  is 
10-12  cc./gm./hr.  at  25°  C.27« 

The  rate  of  oxygen  consumption  is  correlated  with  body  weight  as  an 
exponential  function  and  tends  to  follow  the  increase  in  surface  area  rather 
than  weight  per  se.   For  instance,  in  fish  (pike  and  tench),  oxygen  uptake 
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Fig.  45.  Oxygen  consumption  of  small  mammals  plotted  as  a  function  of  body  weight, 
indicating  the  surface  area  rule  within  this  group.  From  Pearson."^ 


seems  to  increase  in  direct  proportion  to  the  surface  area,  i.e.,  cc.02=kW^-^^, 
where  W  is  the  body  weight,  and  fe  is  a  constant  for  the  organism.^^*  Most 
determinations  yield  an  exponent  in  excess  of  that  indicated  by  the  "two- 
thirds"  rule.  On  a  series  of  rodents  Morrison'-'^^  found  good  agreement  with  an 
exponent  of  0.73  (adopted  by  the  Conference  on  Energy  Metabolism,  1935) 
relating  weight  to  basal  metabolism,  and  a  slightly  higher  value  of  0.798  was 
obtained  for  the  kelp  crab,  Pugettia  producta,  by  Weymouth  and  his  co- 
workers'^"^ (Fig.  46).  Results  on  a  number  of  different  species  of  Crustacea 
indicate  the  same  general  correlation  between  body  surface  and  oxygen  con- 
sumption. Failing  to  establish  direct  correlation  with  surface  area  and  body 
weight  in  mammals,  Brody'^*'  relates  basal  metabolism  to  "metabolically  effec- 
tive body  weight." 

The  general  relationship  of  decreasing  metabolic  rate  with  increase  in  body 
size  holds  for  small  marine  organisms,  although  those  weighing  less  than  1 
gram  frequently  do  not  obey  the  surface  law.^**'*  Zeuthen's  thorough-going 
study  on  the  marine  microfauna  indicates  that  comparison  of  organisms  on  a 
basis  of  respiration  per  nitrogen  content  reveals  considerable  agreement  among 
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such  forms  as  coelenterates  with  a  high  water  content  and  the  more  soHd  forms, 
and  further  that  the  phylogenetically  advanced  groups  show  a  higher  rate  of 
metabolism  than  the  more  primitive  ones  (Fig.  47). 

The  higher  "reaction  rate"  of  smaller  animals  is  associated  with  increased 

TABLE  38.  OXYGEN  CONSUMPTION  OF  SMALL  ADULT  MAMMALS 
UNDER  APPROXIMATELY  BASAL  CONDITIONS 


Air 

O2  Consumption 

Animal 

Weight 

Temp. 

cc./gm./hr. 

Long  tailed  shrew  {Sorex  c.  cinereus}'^" 

3.4 

24-28 

13.7 

Wandering  shrew  (orex  vagrans  vagrans)"' 

4.5 

24 

8.6 

Monterey  shrew  (Sorex  trowhideii  montereyensis)  S  '" 

6.7 

24 

7.2 

Sonoma  shrew  (Sorex  pacificus  sonomae)  $  '"' 

9.2 

24 

6.1 

Sonoma  shrew  (Sorex  pacificiis  sonomae)  9  -" 

11.2 

24 

5.5 

California  harvest  mouse  (Reithrodontomys 

9.6 

24 

3.8 

megalotis  longicaudus)^'' 

Kangaroo  mouse  (Microdipodops  megacephalus 

14.4 

24 

3.7 

nasutus)  $  '■'" 

Kangaroo  mouse  (Microdipodops  megacephalus 

14.8 

24 

3.4 

nasutus)  $  *" 

House  mouse  (Mus  musculus}'''" 

15.8 

24-28 

1.53 

Deer  mouse  (Peromyscus  maniculatus)^"'' 

17.1 

24-28 

1.65 

White  mouse  (Mus  miisculus)'^ 

21.2 

28.5 

1.59 

Red-backed  mouse  (Clethrionomys  gapperi 

22.8 

24-28 

1.50 

ochraceous)'^" 

Deer  mouse  (Peromyscus  leucopus)'^'* 

24.2 

24-28 

1.46 

Pine  mouse  (Pitymys  sp.)^" 

26.3 

24-28 

2.56 

Dormouse  (Myoxus  arbor)'^ 

43.0 

24-28 

1.75 

Hamster  (Cricetus  aiiratus)^ 

100.0 

24-28 

1.05 

White  rat  (Rattus  rattus)^'" 

350.0 

28 

0.77 

need  of  oxygen,  but  the  matter  of  heat  loss  is  also  important  in  the  metabolic 
economy  of  small  animals,  particularly  in  that  of  homoiotherms  with  inade- 
quate insulation.  Mice  huddled  together  apparently  for  warmth  consume  less 
oxygen  as  a  group  than  they  do  when  separated  and  measured  individually.-^^ 
However,  in  the  absence  of  data  on  body  temperature  and  activity,  absolute 
values  are  not  available  for  a  close  comparison  of  these  groups.  Similar  evidence 
on  the  brown  snake,  a  poikilotherm,  shows  this  aggregation-oxygen  decrease 
effect."^" 

Oxygen  consumption  studies  by  Scholander  (personal  communication)  on 
arctic,  temperate,  and  tropical  mammals  indicate  that  the  metabolic  regulation 
may  be  in  part  a  function  of  the  insulation  efficiency  of  the  body  surface  and 
in  this  respect  correlated  with  surface  area.  Heat  production  along  with  oxygen 
consumption  tends  to  follow  roughly  the  surface  rule,  the  weight  raised  to  the 
0.66  or  0.73  power.  A  linear  relationship  is  obtained  when  the  log  of  the  heat 
production  is  plotted  against  the  log  of  weight  (Fig.  48).^'^ 

A  correlation  between  oxygen  consumption  and  brain  weight  was  made  by 
Crile,'^'*  for  a  number  of  invertebrates  and  vertebrates  from  various  phyla.  The 
correlation  apparently  reflects  the  relation  of  body  surface  area  to  brain  weight, 
but  represents  more  significantly  the  dependence  of  metabolism  on  the  dis- 
tribution of  active  protoplasm. 


228 


Comparative  Animal  Physiology 


In  conclusion,  although  many  correlations  have  been  demonstrated  between 
metabolic  rate  and  functions  of  the  body  weight  approximating  surface  area, 
there  is  scant  evidence  to  indicate  the  causes  for  this  relationship.  The  cor- 
relation reflects  the  changing  activity  of  the  protoplasm  of  the  body  cells. 
Whether  this  condition  will  be  demonstrated  as  due  to  decrease  in  rates  of 
chemical  reactions,  enzyme  concentrations,  growth  substances,  or  whatever, 
must  depend  on  future  investigations. 

Oxygen  Consumption  in  Relation  to  Age.  No  simple  correlation  can  be 
made  between  oxygen  uptake  and  age;  rather,  the  different  phases  of  develop- 
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Fig.  46.   Double  log  plots  of  oxygen  consumption  and  body  weight  of  the  kelp  crab, 
Pugettia,  and  of  several  related  Crustacea.   From  Weymouth  et  al.^^ 


ment  must  be  considered  separately.  Oxygen  consumption  of  young  animals 
is  higher  than  that  of  their  older  relatives,  indicating  in  some  measure  the  size 
relationship  considered  above  (Fig.  49).  Older  organisms  tend  to  "run  down" 
as  oxygen-consuming  processes  go  on  less  rapidly,  a  phenomenon  possibly 
associated  with  total  enzyme  concentrations  of  the  young  and  older  organisms. 
A  peak  in  metabolic  activity  is  usually  well  marked  a  short  while  after  birth 
or  hatching,  as,  for  example,  in  the  chicken  (Fig.  50).  The  period  of  greatest 
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oxygen  consumption  in  a  number  of  domestic  animals  has  been  demonstrated 
by  Brody  and  his  co-workers;  cattle,  for  example,  reach  their  maximum  metab- 
olic rate  between  weaning  and  puberty,  swine  at  the  time  of  puberty,  but 
horses  do  not  reach  it  until  maturity.^i  Comparable  studies  on  human  metab- 
olism are  summarized  in  the  work  of  Krogh,-^-*  indicating  the  maximum  is 
reached  at  two  years  of  age;  more  recent  data,  however,  would  put  this  some- 
what earlier,  near  the  time  of  weaning.'^"'  '""  This  increasing  metabolic  rate 
in  young  children  is  perhaps  due  to  marked  development  of  the  musculature 
during  this  period  rather  than  to  a  general  development  of  the  body  as  a  whole. 
Breaks  in  the  growth  curves  have  been  demonstrated  in  lower  vertebrates  as 
well,  particularly  among  Amphibia.  The  break  in  the  growth  curve  for  Rana 
corresponds  to  the  end  of  the  gastrulation  period.'^  The  break  in  the  otherwise 
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Fig.  47.  Comparison  of  metabolic  rate  of  various  animals  as  a  function  of 
body  nitrogen.  After  Zeuthen.^ 


smooth  exponential  growth  curve  of  Amhlystoma  is  rather  prominent  and 
comes  at  the  sixth  or  seventh  day  of  development  (Fig.  51).'^**  Amerling's 
data,^  based  on  the  resistance  to  oxygen  lack  ("Zeitdauer"),  support  the  con- 
cept of  increasing  dependence  on  oxygen  as  the  resistance  decreases  steadily 
up  to  about  the  12  mm.  stage  and  then  levels  off  more  gradually. 

A  correlation  in  rate  of  oxygen  consumption  with  age  may  be  applied  to 
cultures  of  microscopic  organisms.  Cultures  of  the  protozoan  Chilomonas 
Paramecium  decrease  in  oxygen  consumption  from  0.35  to  0.17  and  O.ll  cu. 
mm.  per  hour  per  10,000  individuals  in  cultures  which  age  24,  48,  and  72 
hours  respectively.^^"  It  would  be  of  interest  to  know  whether  subsequent 
determinations  on  these  cultures  might  show  a  further  decrease  or  a  leveling 
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off  of  oxygen  consumption,  thereby  giving  some  indication  as  to  the  nature  of 
the  mechanism:  whether  the  decrease  is  due  to  the  utiHzation  of  food  material, 
or  to  accumulation  of  deleterious  metabolites,  crowding,  etc. 

Respiratory  exchange  of  embryonic  mammals  was  regarded  by  Bohr  and 
Hasselbalch^^'-  to  be  directly  proportional  to  weight  rather  than  surface  area. 
Barcroft's  data^'  on  sheep  and  goat  fetuses,  obtained  by  measuring  oxygen 
tensions  in  the  umbilical  artery  and  veins,  indicate  furthermore  that  the  oxygen 
uptake  is  lower  (0.0026  cc./gm./min.)  than  would  be  expected  when  com- 
pared with  adult  tissues,  and  may  be  considered  a  reflection  of  the  adequate 
temperature  conditions  provided  by  the  parent,  thereby  relieving  the  offspring 
of  the  necessity  of  using  energy  for  warmth  alone.   The  shift  in  dissociation 
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Fig.  48.  Double  log  plot  of  average  total  heat  production  and  average 
body  weight.  From  Benedict.^' 

curves  to  permit  the  fetus  to  pick  up,  and  the  parent  to  give  up,  oxygen  more 
readily  permits  adequate  gas  exchange  at  these  metabolic  levels^^  (see  Chapter 
9).  Bohr^'  ingeniously  controlled  the  umbilical  blood  flow  in  urethanized 
guinea  pigs,  at  the  same  time  taking  tracheal  samples,  and  demonstrated  that 
the  gas  exchange  of  the  parent  and  that  of  the  fetus  are  almost  the  same. 
Embryos  of  snakes^-  and  turtles-"  undergo  a  gradual  decrease  in  oxygen 
consumption  with  development;  in  turtle  embryos  there  is  a  possibility  that  a 
considerable  part  of  the  oxygen  consumption  is  associated  with  the  catabolism 
of  quantities  of  protein.  One  would  expect  a  new  metabolic  peak  to  develop 
after  the  young  are  hatched. 
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In  the  earlier  stages  of  embryonic  development  there  appear  abrupt  changes 
in  the  respiratory  exchange,  correlated  with  profound  developmental  mile- 
stones as  cleavage,  gastrulation,  diapause,  metamorphosis,  and  fertilization 
itself.  Years  ago  Warburg-*''"  demonstrated  a  seven-fold  increase  in  oxygen 
consumption  in  Arhacia  eggs  at  the  time  of  fertilization,  a  phenomenon  ade- 
quately substantiated  on  a  number  of  other  forms.  In  Fundulus,  besides  the 
increase  at  fertilization,  a  second  marked  increase  occurs  at  about  the  time 
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Fig.  49.   Decrease  in  metabolic  rate  with  age  of  several  birds  and  mammals.   Age  in 
months,  except  for  man  in  years.  After  Benedict  and  Talbot." 

when  the  vascular  system  begins  to  flourish.  That  all  embryonic  forms  do 
not  follow  the  same  respiratory  pattern,  however,  is  clear  from  the  work  of 
Tang'^'^"  on  the  starfish  and  that  of  Brachet"*^  on  Amphibia,  which  show  no 
increase  in  oxygen  consumption  at  fertilization.  In  fact,  the  clam,  Cwningia, 
and  the  annelid,  Chaetoftenis,  undergo  a  decrease  in  oxygen  uptake  at  the 
time  of  fertilization.'*"-'  •^"■'  An  increasing  metabolic  rate  of  rat  eggs  during 
early  cleavage  is  correlated  with  an  increase  in  volume,  in  turn  attributed  to 
water  uptake  and  probable  yolk-protoplasmic  conversion.'*"  For  an  extensive 
review  of  the  literature  concerning  embryonic  metabolism,  the  reader  is 
referred  to  the  thorough  treatment  by  Needham--^'-'  and  Boell.-^*^ 
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Fig.  50.   Metabolic  peak  in  Rhode  Island  Red  chickens  at  end  ot  first  month 
after  hatching.   From  Kibler  and  Brody.""" 
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Fig.  51.  Respiration  of  Amblystomn  embryos  e.xpressed  as  m/il-  0../100  ngm.  dry  wt./ 
hr.,  showing  break  in  developmental  rate  at  about  seventh  day.  Arithmetic  and  loga- 
rithmic curves  jilotted  from  same  data.    From  Boell.'" 
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Rogers-^"-  presents  an  interesting  discussion  of  the  decreasing  oxygen  uptake 
with  age  in  the  small  crustacean,  Sivtocephahis,  measured  immediately  after 
hatching  et  seqiientia,  during  several  larva,  nd  brood  mother  stages  (Table 
39). 

Pupating  insects  present  a  unique  case,  with  general  agreement  among 
investigators  on  the  shape  of  the  curves  if  not  on  their  interpretation  when 
oxygen  uptake  is  expressed  as  a  function  of  pupation  time.  A  broad  U-shaped 
curve  is  usually  obtained,  the  minimum  corresponding  with  the  middle  of  the 

TABLE  39.  OXYGEN  CONSUMPTION  IN  SIMOCEPHALUS  EXPRESSED  IN 

PER  CENT  OF  UPTAKE  IMMEDIATELY  FOLLOWING  HATCHING, 

ALL  ADJUSTED  TO  SAME  RELATIVE  WEIGHT."" 

Stage  Relative  Oxygen  Uptake 

Hatching  (5.6  .\  10  '  cc. /individual/ min.)  100.0 

3rd  instar  96.4 

1st  brood  mother  52.1 

3rd     "           "  50.8 

5th     "           "  41.8 


pupal  interval.--'  •"'■  ^'■''-  -"^•■''  '-^^^  The  down  slope  generally  has  been  represented 
as  the  period  during  which  histolytic  processes  predominate,  while  the  up 
slope,  indicating  a  rise  in  rate  of  oxygen  consumption,  corresponds  to  the  more 
constructive  phase  of  dedifferentiation.  This,  however,  seems  to  be  an  over- 
simpliHcation  and  based  on  inadequate  evidence.  As  Krogh-'^  has  pointed 
out,  "the  expenditure  of  energy  required  for  tissue  formation  is  quite  small,' 
and  furthermore  the  change  from  catabolic  to  anabolic  processes  for  the 
organism  as  a  whole  would  not  be  expected  to  occur  all  at  once.  1  bus  the 
oxygen  consumption  data  on  the  muscid  flies,  CaUiphora  and  Lucilia,  for 
example,  do  not  indicate  any  sudden  change,  at  least  on  a  weight  basis,  to 
account  for  the  abrupt  change-over  from  decreasing  metabolic  rates. "''•  '^''^  It 
seems  more  likely  that  the  shift  in  respiratory  exchange  results  from  alterations 
in  the  respiratory  pattern,  involving  different  substrates  and  the  balance 
between  aerobic  and  anaerobic  processes. 

Among  bees,  the  larger,  better-nourished  queen  outstrips  the  workers  in 
regard  to  metabolic  activity  and  growth  (Fig.  52).  1  ler  relati\e  superiority  is 
shown  in  larval,  pupal,  and  pre-adult  stages,  calculated  on  both  a  weight  and 
an  individual  basis. -'''^ 

The  use  of  oxidative  poisons  and  of  oxygen  depri\'ati()n  has  made  it  possible 
to  test  the  relative  dependence  on  oxygen  of  the  various  stages  of  development. 
In  many  animals  a  transition  from  predominantly  anaerobic  to  aerobic  condi- 
tions is  indicated.  In  the  squid,  LoHoq  pcalei,  for  instance,  an  increase  in 
cyanide  sensitix'itv  can  be  shown  to  parallel  the  increase  in  owgen  consump- 
tion and  carbon  dioxide  production  during  development.-^''  A  5-day  embrxo 
withstands  exposure  to  N/1000  NaCN  for  20  hours,  but  older  embryos  show 
a  graduallv  increasing  cyanide  sensitivity  until  the  stage  of  the  ncv\ly  hatched 
embrvo,  which  has  a  tolerance  of  only  1-2  hours.  A  Vi-inch  squid  and  the 
adult  have  even  less— a  tolerance  of  onlv  1  minute.    Organisms  in  the  same 
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class  may  show  considerable  variation  in  cyanide  sensitivity;  Fundnliis  eggs  are 
particularly  resistant  to  cyanide  and  azide  in  concentrations  which  are  very 
toxic  to  the  pelagic  eggs  of  the  cunnar,  mackerel,  and  scup.-"*-  With  develop- 
ment, however,  the  Fundidus  eggs  too  become  sensitive  to  the  respiratory 
poisons,  indicating  a  change  in  respiratory  pattern.  Frog  eggs  can  cleave  under 
anaerobic  conditions  to  form  blastulae,  but  oxygen  is  necessary  for  complete 
gastrulation   and   subsequent   development.^"^    Cyanide   sensitivity   in    Para- 
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Fig.  52.  Oxygen  consumption  during  larval  and  pupal  development  in  the  honeybee, 
showing  the  increased  rate  ot  the  queen  compared  with  that  of  the  workers,  on  both  a 
weight  (upper  curves)  and  an  individual  (lower  curves)  basis.  P,  time  of  pupation. 
After  Melampy  and  Willis.^"'' 

mecium  may  be  correlated  with  food  supply,  well-fed  (younger)  individuals 
being  more  sensitive  than  starved  (older)  animals.-^" 

Total  metabolism  is  of  course  the  sum  of  the  individual  tissue  metabolic 
activities,  and  it  is  not  surprising  that  certain  tissues  show  a  variation  in  oxygen 
consumption  with  age.  Investigations  on  the  gill  tissues  of  Venus  are  con- 
sistent with  the  bulk  of  the  literature  in  demonstrating  that  tissues  of  younger 
animals  respire  at  a  higher  rate  than  do  those  of  older  animals.^''-   However, 
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in  a  comparison  of  newborn  and  adult  dogs  the  oxygen  consumption  both  of 
brain  tissue  and  of  the  intact  animal  was  demonstrated  to  be  significantly  lower 
in  the  pup."'^  Isolated  fibroblasts  of  the  chick  heart  survive  anaerobically  and 
take  up  little  oxygen  during  the  first  five  days  of  development,  but  tissues  from 
older  chicks  become  sensitive  to  oxygen  lack"'^  and  increase  their  rate  of  oxygen 
consumption. 

In  summary,  we  find  that  developing  organisms  tend  to  show  a  decrease  in 
oxygen  consumption  with  increasing  size,  but  in  very  early  and  embryonic 
stages  reflect  profound  developmental  transitions  involving  structural  changes, 
tissue  formation,  and  shifts  in  the  types  of  respiratory  mechanisms.  A  high 
rate  of  oxygen  consumption  at  fertilization  and  cleavage  is  usually  followed 
by  a  gradual  decrease  with  embryonic  development  until  birth  or  hatching, 
after  which  the  rate  ascends  to  a  maximum,  to  be  succeeded  by  another  slump 
with  advancing  age. 

Oxygen  Consumption  in  Relation  to  Species.  The  differences  in  absolute 
consumption  values  between  species  have  in  a  few  instances  been  shown  for 
"races"  within  the  species,  a  condition  probably  representing  genetic  differ- 
entiation within  the  group.  Certainly  more  such  data  are  needed  before  any 
general  interpretations  regarding  their  significance  may  be  drawn.  Metabolic 
differences  have  been  claimed  for  human  populations,-''  but  a  re-evaluation 
of  the  importance  of  the  environmental  factors  as  serious  sources  of  disparity 
should  be  made.  In  comparison  with  the  standard  basal  metabolism  values 
(B.M.R.)  for  Caucasian  men  and  women  (United  States),  those  of  Mayan 
Indian  males  are  claimed  to  be  8  per  cent  higher,  those  of  Miao  (West  China) 
males  16  per  cent  higher,  and  those  of  Araucanian  Mapuche  (Chile)  men 
and  women  are  claimed  to  be  significantly  higher  than  those  of  comparable 
age  groups  in  the  United  States.  The  metabolism  values  for  Indian  women 
from  the  southern  provinces  of  Tamil  and  Malaydis  are  consistently  lower  than 
the  figures  for  Caucasians. -''' 

Curiously,  adult  Drosophila  melanogaster  of  the  vestigial  strain  have  been 
shown  to  have  a  slightly  higher  oxygen  uptake  than  normal  wild  type  flies, 
and  the  latter  a  higher  consumption  per  weight  than  hybrids.-"^  Dobzhansky 
and  Poulson'*^  showed,  in  what  was  then  considered  Race  A  and  Race  B  of 
D.  pseudoohscura  (now  regarded  as  D.  pseudoohscura  and  D.  persimilisX  a 
difference  in  gas  exchange  when  measured  at  25°  and  14°  C,  their  respective 
environments.  Although  the  oxygen  uptake  in  the  two  races  was  the  same  at 
14°  C,  Race  A  which  normally  inhabits  the  warmer  climate  had  a  lower 
oxygen  consumption  at  25°  C.  than  did  Race  B,  a  form  of  adaptation  to  the 
higher  temperature.  Specific  differences  in  minimum  oxygen  requirements 
for  several  species  of  Drosophila  have  been  reported,  D.  ohscura  requiring  2.8 
per  cent  oxygen  in  air,  compared  with  D.  melanogaster,  which  was  claimed 
to  need  only  1.6  per  cent.*^'  Recently  the  "killer"  strain  of  Paramecium  aurelia 
was  shown  to  have  a  higher  oxygen  uptake  than  the  genetically  different 
"sensitive"  strain.'^-"  Owing  to  the  profound  if  complex  genetic  control  of 
metabolic  activity,  it  is  to  be  expected  that  hereditarily  distinct  varieties  of 
organisms  would  show  different  and  characteristic  physiological  behavior 
patterns,  particularly  under  conditions  of  metabolic  stress,  reflecting  climatic 
and  other  adaptations. 

Oxygen  Consumption  in  Relation  to  Sex.     Although  sex  differences  in 
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metabolic  rates  are  not  easy  to  detect  in  lower  animals,  owing  to  the  difficulty 
of  establishing  "basal"  or  standard  conditions,  differences  in  the  metabolic 
rates  of  men  and  women  have  been  recognized  since  the  extensive  work  of 
Benedict  and  his  co-workers.^^-  -"'•  -'•  Human  males  have  a  higher  rate  of 
oxygen  consumption  than  females,  at  all  ages,  and  the  difference  becomes 
more  marked  with  increasing  age.  The  difference  may  be  attributed  to  more 
"active  protoplasmic  tissue"  in  males,  as  was  indicated  by  Benedict  for  the 
correlation  of  oxygen  uptake  with  age;  it  may  also  represent  a  genetically 
determined  endocrine-controlled  state  of  higher  metabolism.  A  method  for 
the  determination  of  the  time  of  ovulation  in  women  is  based  on  the  abrupt 
increase  in  body  temperature,  presumably  accompanied  by  an  increased  oxygen 
consumption,  which  occurs  at  about  the  time  of  rupture  of  the  ovarian  follicle. 
When  an  appreciable  difference  in  size  exists  between  male  and  female  the 
analysis  of  sex  difference  is  rendered  more  difficult,  as  in  the  sand  crab, 
Emerita,  in  which  the  male  is  smaller  than  the  female  and  on  a  weight  basis 
has  a  higher  gas  exchange.^"^  Sex  differences  have  been  indicated  in  insects, 
although  the  data  are  not  concordant  or  easy  to  evaluate.  Oxygen  consumption 
by  Drosophila  pupae  is  about  21  per  cent  higher  in  females,-'^  but  the  differ- 
ence decreases  in  later  pupal  life-^'^  and  in  fact  was  shown  to  be  counteracted 
as  the  males  finally  develop  a  higher  rate  of  metabolism  than  the  females,  a 
condition  initially  reported  by  Poulson.-**^  In  the  bee  moth,  Galleria,  the  males 
show  a  greater  initial  gas  exchange,  the  difference  vanishing  with  subsequent 
development.'^"-  -^^^  An  identical  situation  occurs  in  Daphnia.'-'^-^  One  may  con- 
clude with  Krogh  that  these  results  on  immature  forms  depend  on  the  time  of 
measurement  in  the  period  of  development,  the  degree  of  organized  tissue  for 
each  sex  at  that  time,  and  the  relative  rates  of  differentiation.  A  clear-cut  case 
of  higher  male  metabolism  has  been  shown  in  housefly  adults  (Musca  domesti- 
ca)  measured  at  20°  C.^°^  Another  "sex"  distinction  in  oxygen  consumption  is 
the  significant  difference  of  12  per  cent  in  two  well  established  mating  types 
of  Paramecium  calkinsi  demonstrated  by  means  of  the  Cartesian  diver  tech- 
nique.■*" 

Oxygen  Consumption  in  Relation  to  Nutrition.  The  effect  of  starvation  on 
animal  metabolism  depends  on  ability  of  the  animal  to  live  on  stored  reserves 
during  prolonged  periods.  The  earlier  work  on  man  indicated  a  decrease  in 
the  metabolic  rate  with  prolonged  fasting,-^*^-  ^°'^'  '^^'•^  but  the  extensive  investi- 
gations of  Lehmann  and  co-workers--^  and  of  Benedict^-^  have  demonstrated 
little  change  before  appearance  of  severe  inanition.  Comparable  results  are 
indicated  by  the  work  on  other  homoiothermic  animals.  In  special  cases,  how- 
ever, as  during  hibernation,  the  decrease  in  food  intake  is  correlated  with 
reduced  respiratory  exchange,  as  well  as  with  lowering  of  body  temperature 
and  profound  cardiovascular  changes. 

Among  invertebrates  many  correlations  have  been  made  between  oxygen 
consumption  and  nutritive  intake  in  insects^-*  and  Protozoar'^^  The  organisms 
behave  as  though  they  ate  all  they  could,  and  their  metabolic  levels  are  deter- 
mined by  the  amount  of  oxygen  necessary  to  utilize  the  food  consumed. 

The  nature  of  the  organic  food  consumed  determines  the  amount  of  o.xygen 
required  to  oxidize  it,  a  principle  on  which  is  based  the  science  of  biological 
calorimetry.  Lavoisier  first  demonstrated  that  the  energy  content,  of  the  food 
consumed  by  an  organism  very  nearly  equals  the  heat  produced.  The  measure- 
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ment  of  metabolic  activity  as  a  function  of  the  heat  produced  (direct  calori- 
metry)  is  less  accurate  and  involves  more  care  than  the  determination  of  the 
oxygen  consumption  from  which  the  metabolic  rate  may  be  calculated  (indirect 
calorimctry).  1  he  o.xygcn  required  and  the  caloric  yield  depend  on  the  type 
and  amount  of  organic  food  oxidized  (Table  40).    The  respiratory  quotient 

TABLE  40.  OXYGEN  REQUIRED  AND  CALORIES  PRODUCED  IN  THE 
UTlUZAriON  OF  DIFFERENT  FOODS 


Organic  Food 

Oxygen  Required 

Calorics  Produced 

Average  R.Q 

(Liters)                (Grams) 

100  gm.  protein 

100  gm.  tat 

100  gm.  carbohydrate 

93.3                      133.4 

198.9                      284.4 

82.9                      118.5 

419.9 
953.7 
419.3 

0.79 
0.71 
1.00 

(R.  Q.),  the  ratio  of  volume  of  carbon  dioxide  released  to  oxygen  consumed, 
is  also  shown  in  the  table. 

The  rapidity  with  which  foods  can  be  metabolized  in  different  organisms 
is  known  to  vary,  even  for  similar  substances  in  closely  related  animals.  The 
respiratory  exchange  for  the  hexose  sugars,  fructose,  glucose,  and  galactose, 
has  been  studied  in  several  mammals  and  speed  of  utilization  determined. ^"^ 
The  results  for  the  different  animals  are  indicated  in  decreasing  order  as 
follows: 


Man  fructose,  galactose,  glucose 

Monkey  glucose,  fructose,  galactose 

Goat  fructose,  glucose,  galactose 

Cow  glucose,  galactose,  fructose 

In  both  adult  and  larval  Drosophila,  fructose  appears  to  be  the  most  readily 
utilizable  sugar  tested.^"*'' 

Oxygen  Consumption  in  Relation  to  Activity.  Every  change  in  activity 
made  possible  by  aerobic  respiratory  processes  can  result  in  an  alteration  of 
oxygen  consumption,  and  it  is  assumed,  in  dealing  with  comparisons  of  other 
factors  on  oxygen  uptake,  that  activity  remains  constant.  Thus  "basal"  metab- 
olic rates  are  determined  with  actixity  at  a  minimum."'  Such  a  condition  as  a 
standard  of  comparison  is  not  always  easily  attainable,  and  some  investigators 
have  resorted  to  the  use  of  anaesthetics.  Curare' -°-  •'^"'  ""'***  and  urethane"**- 
2iii,  2!>2  }^ayg  been  used  to  suppress  general  activity  with  no  known  specific 
influence  on  the  respiratory  exchange.  Extreme  doses  must  be  avoided,  owing 
to  suppression  of  muscular  tone. 

Oxygen  consumption  increases  proportionally  with  activity  to  the  limits 
imposed  by  the  ventilation  capacity  of  the  respiratory  mechanism  and  the 
ability  of  the  transport  system  to  carry  the  respiratory  gases.  The  maximum 
metabolic  exchange  in  mammals  is  some  15  to  20  times  greater  than  the  resting 
rate,  although  the  oxygen  consumed  during  the  period  of  excessive  activity 

*  Not,  however,  under  conditions  of  sleep,  hibernation,  or  estivation.  For  an  account 
of  the  latter  in  the  lunglish  see  Smith.'^"^ 
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will  not  be  in  this  proportion,  for  ordinarily  an  oxygen  debt  develops  which 
must  be  liquidated  alter  the  respiratory  stress.  Insects,  which  do  not  bifild  up 
much  of  an  oxygen  debt,  may  show  respiratory  excesses  of  100  or  more  times 
the  resting  rate."° 

The  greatest  metabolic  increases  with  activity  are  those  shown  by  insects 
during  flight-values  as  high  as  90  liters  of  oxygen  per  kilo  per  hour  having 
been  recorded  for  bees,^''^-  -^^  and  for  the  butterfly,  Vanessa  (Zeuthen,  cited 
by  Krogh^'o),  g^  increase  of  better  than  100-fold  (Table  41).  Chadwick*'-' 
ingeniously  correlated  wing  movements  with  oxygen  consumption  in  individu- 
al Drosophila  on  flights  of  an  hour  or  more.   The  oxygen  consumption  rate 

TABLE  41.  OXYGEN  CONSUMPTION  OF  SOME  INSECTS 

DURING  SIMULATED  FLIGHT 

(Expressed  in  cc./gm./hr.) 


Qi  Consumption 

Insect 

Condition 

Average 

Maximum 

Blow-fly  (Lucilia  sericatay" 

true  flight 

95.6 

187.0 

Butterfly  (Thais  cassandra}'^''^' 

nicotine 
convulsed 

216.0 

Butterfly  (Vanessa  sp.) 

true  flight 

90.0 



(Zeuthen,  unpub.,  in  Krogh"""') 

Hive  bee  (Apis  meUiferaf"'' 

true  flight 



312.0 

Hive  bee  (Apis  melliferay" 

true  flight 

87.0 

100.2 

Fruit  fly  (Drosophila  repletaf" 

true  flight 

21.0 

43.7 

Fruit  fly  (Drosophila  americaf 

true  flight 

21.8 



increases  from  28  to  350  cu.  mm./gm./min.  to  correspond  with  a  wing  rate  of 
1 1,000  strokes  per  minute.  Only  a  small  oxygen  debt  develops,  and  this  is  paid 
off  within  two  minutes  after  cessation  of  the  flight. 

Various  drugs  can  be  applied  to  stimulate  oxygen  consumption  in  animals, 
just  as  anaesthetics  may  be  used  to  depress  metabolic  activity.  Potent  stimu- 
lants are  the  compound  dinitrophenol  (DNP)  and  its  derivatives,  about  which 
a  large  literature  has  grown  up.  As  an  example  of  the  stimulating  capacity  of 
DNP  one  may  cite  the  342  per  cent  increase  in  rate  of  oxygen  consumption 
demonstrated  by  Bodine  and  Boell''-''  in  grasshopper  embryos  during  diapause. 
Of  interest  in  this  connection  is  the  work  of  Clowes  and  KrahF--  -"^  on  Arhacia 
embryos,  which  demonstrates  that  although  the  nitrophenols  may  stimulate 
metabolism  they  inhibit  cell  division,  thus  emphasizing  the  polyphasic  nature 
and  complexity  of  growth  processes. 

Attempts  to  stimulate  oxygen  consumption  by  administration  of  endocrine 
products  have  met  with  some  interestingly  conflicting  results.  It  is  well  recog- 
nized that  thyroid  extract,  thyroxin,  and  thyroglobulin  increase  metabolic 
activity  in  amphibians  and  mammals.  However,  this  is  not  true  for  all  verte- 
brates. Fish  do  not  respond  with  a  clear-cut  increase  in  metabolism  after 
thyroid  feeding, '"'*•  -^"  and  lampreys  also  fail  to  respond  metabolically  to 
thyroid''^-''  -''*  (see  Chapter  22). 

The  confinement  of  a  number  of  animals  together  often  stimulates  them 
into  increased  activity  and  oxygen  consumption,  but  the  opposite  effect  is 
recorded  for  the  goldHsh,  in  which  the  presence  of  company  seems  to  depress 
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metabolism.-" •'  If  this  work  on  Carassins  is  experimentally  sound,  then  it 
becomes  a  behavioristic  problem,  because  the  effect  of  numbers  in  reducing 
metabolism  can  be  prevented  by  darkening  the  aquarium  or  blindfolding  the 
fish.  Conversely,  according  to  Schlaifer,  the  owgen  consumption  is  decreased 
if  mirrors  are  added  to  increase  the  apparent  number  of  fish  seen  by  the  experi- 
mental animal.  Indeed,  even  dead  fish  and  fish  mounts  produce  the  same 
effect.  A  "group  effect"  also  demonstrated  in  Perca  may  be  attributed  to  the 
depressant  action  of  metabolites  produced  by  additional  fish.'-' 
'    The  correlation  between  oxygen  consumption  and  habitat  is  perhaps  best 

TABLE  42.  OXYGEN  CONSUMPTION  OF  RELATED  ORGANISMS 
FBOM  DIFFERENT  HABITATS 

(Ex'pressed  in  cc./gm./hr.) 


Animal 


Habitat  or  Habit 


Weight 

Cgm-) 


Consumption 


Isopods* 

Aselliis  aqjwficits"^ 

Asellus  aqiiaticus"^ 
Trichopterids* 

Limnophilus  vittatus^^^ 

Hydropsyche  sp.  ^" 
Small  ephemerid  nymphs* 

Coenis  sp."^ 

Cloeon  diptertim'" 

Ephemerella  ignflffl'" 

Baetis  rhodani"' 
Large  ephemerid  nymphs* 

Ephemera  vulgata"^ 

Ephemera  danica^^'^ 

Ecdyonnrus  venosus^" 
Crayfisht 

Astacus  leptodactyliis'^'^ 

Astaciis  torrenthim'''" 
Fish 

Mackerel  (Scomber  scomhriisy^ 

Butterfish  (Poronotiis  tricanthusy 

Scup  (Stenotomus  chrysopsy^ 

Tautog  (Tautog  onitisy^ 

Puffer  {Spheroides  macnlatusy*° 

Lungfish  (Lepidosiren  paradoxaf 

Pirarucus  (Arapaima  gxgasf'' 


slow  stream 

.0053 

swift  stream 

.0047 

pond 

.0046 

swift  stream 

.0054 

pond 

.0011 

pond 

.0003 

stream 

.001 

swift  stream 

.0003 

in  mud,  in  pond 

.013 

in  sand,  in  stream 

.014 

swift  stream 

.006 

lake 



swift  stream 



active,  fast  swimmer 

138 

moderately  active 

184  (av.) 

sluggish 

123 

very  sluggish 

120 

very  sluggish 



air  breather 



air  breather 



.51 


.51 

.77 

.29 
.61 
.95 

2.57 

.28 
.37 
.61 

.07 
.10 

.726 
.30U 

.174: 

.062 
.062 
.042 
.009 


considered  in  regard  to  oxygen  utilization  and  critical  oxygen  tensions.  Never- 
theless, oxygen-rich  and  oxygen-deficient  media  are  significant  and  naturally 
have  been  investigated  widely,  although  not  extensively  enough. "•^-  -'■'^  A 
number  of  arthropods  and  several  fish  from  different  habitats  and  with  differ- 
ent habits  are  listed  in  Table  42,  with  oxygen  consumption  measurements  as 
determined  at  rest  under  laboratory  conditions.  In  the  aquatic  arthropods,  the 
more  agitated  and  oxygenated  the  medium,  the  greater  the  oxygen  consump- 

*   Determined  at  10°  C  under  mild  urethane  or  chloretone  anaesthesia. 

t  Determined  at  19-21°  C. 

X  Wrong  in  author's  summary  and  since  confused  in  literature. 
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tion.  Among  fish,  too,  oxygen  uptake  is  correlated  with  activity  and  efficiency 
of  the  respiratory  mechanism  as  well  as  with  the  availability  of  oxygen. 

Oxygen  Consumption  in  Relation  to  Seasons.  Seasonal  variations  in  oxygen 
uptake  are  not  easy  to  distinguish  from  variations  produced  by  such  factors  as 
temperature,  nutrition,  activity,  and  the  like,  with  which  they  are  bound. 
Rather,  the  seasonal  variations  represent  the  balance  of  these  individual  factors. 
along  with  intrinsic  influences  of  the  organism  itself,  such  as  endocrine  control 
of  dfurnal  and  reproductive  cycles.  Changes  in  the  metabolic  rate  at  oestrus 
have  been  noted  in  birds.  Some  evidence  is  available,  however,  for  seasonal 
oxygen  consumption  adjustment  to  temperature  changes.  Whereas  poikilo- 
thermic  marine  animals. for  the  most  part  respond  to  seasonal  decreases  in 
temperature  bv  a  proportional  reduction  in  oxygen  consumption,  some  regula- 
tion has  been  demonstrated  in  the  cunner,'"'^'  Fiinditliis/-*'*^  and  the  sand  crab, 
Emerita  talpoida.'^^''  The  adaptation  tends  to  ofl:'set  the  effect  of  temperature 
and  to  maintain  a  stable  metabolic  rate  from  season  to  season.  Determination 
of  the  metabolism  of  Ftindtiliis  at  15°  C.  in  February  gave  higher  values  than 
measurement  at  the  same  temperature  in  July.  The  cunner,  Taiitogolahrus, 
when  investigated  for  oxygen  consumption  in  summer  and  winter  at  tempera- 
tures ranging  from  0°  to  30°  C,  yielded  slightly  higher  values  in  winter  than 
in  summer  for  temperatures  below  15°.  The  sand  crab  shows  the  best  regula- 
tion of  all  and,  according  to  Edwards,  behaves  somewhat  like  homoiotherms, 
making  an  internal  adjustment  in  metabolic  rate  to  oft'set  the  temperatures 
experienced  during  the  winter.  The  oxygen  uptake  at  all  temperatures  belov\ 
20°  C.  was  greater  in  winter  than  in  summer,  the  rate  of  winter  metaboHsm 
at  3°  being  about  four  times  the  summer  rate  at  this  temperature.  It  would 
be  of  interest  to  know  whether  this  seasonal  temperature  regulation  might  be 
reproduced  in  part  by  short  term  acclimatization— i.e.,  would  one  of  these 
animals  acclimatized  to  low  temperature  in  the  summer  show  increased 
metabolism? 

Oxygen  Consumption  in  Relation  to  Temperature.  The  responses  of  oxygen 
consumption  to  temperature  changes  ha\'e  been  recognized  for  many  years,  and 
valuable  surveys  of  the  basic  literature  are  available.^''-  '""•  -'^  A  general 
distinction  can  be  made  between  the  poikilothermic  animals  whose  oxygen 
consumption  increases  with  rising  temperatures  and  the  homoiothermic  ani- 
mals whose  oxygen  consumption  increases  as  the  temperature  decreases.  The 
difference  is  mainly  due  to  the  presence  in  the  latter  of  a  temperature-regu- 
lating mechanism  b\  which  external  temperature  changes  arc  offset  to  a 
large  extent  by  metabolic  and  physiological  reactions,  \'asomotor  control  jilaying 
a  predominant  role.  The  frequently  used  expression,  Qio,  is  a  convenient 
measure  of  the  effect  of  changing  temperature  on  respiratory  processes,  but 
the  variation  in  O,,,  values  over  the  biological  temperature  range  makes  its 
use  and  significance  somewhat  limited  (see  Chapter  10).  Much  higher  Qio 
values  than  the  exjicctcd  2-3  arc  obtained  at  low  temperatures;  Krogh  s  experi- 
ments on  poikilothermic  \ertebrates  includes  values  from  O,,)r3l0.9,  based 
on  measurements  o\cr  the  live  degree  range  from  0  to  5  C^,  to  Ok, ^2. 2  at 
20-27.5°  C.-'-' 

A  more  precise  expression  to  describe  temperature  characteristics  is  based 
on  the  Arrhenius  formula  and  is  constant  over  the  biological  temperature 
range  for  each  given  set  of  conditions  (Ch.   10).    The  equation  reflects  the 
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underlying  metabolic  chemical  reactions,  and,  judging  from  the  constancy  of 
the  values  obtained,  represents  fundamental  relatioftships  between  different 
biological  systems.^'''  '^"  By  this  formula  the  temperature  characteristic— energy 
of  activation  or  "thermal  increment"— of  the  given  system  may  be  found.  This 
value  may  vary,  but  in  a  wide  variety  of  respiratory  processes  is  constant  at 
11,500  or  16,500  calories.  For  practical  purposes  when  the  log  of  the  reaction 
rate  is  plotted  against  reciprocal  of  absolute  temperature  the  thermal  increment 
is  given  by  the  slope  of  the  curve.  The  inference  that  such  thermodynamic 
constancy  between  metabolic  processes  depends  on  so-called  "master  reactions" 
or  that  comparable  enzyme  systems  are  at  work  remains  to  be  demonstrated. 

High  basal  metabolic  rate  is  a.basic  condition  for  homoiothermism  and  heat 
regulation.  Heat  production  can  be  measured  by  direct  calorimetry  or  may 
be  calculated  from  CO^  production  and  O^  consumption.  In  man  with  an 
R.Q.  of  0.82,  heat  is  produced  to  the  extent  of  4.8  cal.  per  liter  of  O2  con- 


— .  280  - 


20      40      60      80      100 
OXYGEN  TENSION  -  mm.  Hg 

Fig.  53.  The  interrelation  between  "maximum  steady  state"  of  oxygen  consumption, 
oxygen  tension,  and  temperature  in  the  goldfish,  Carassius.  The  reduction  of  O2  tension 
is  more  effective  at  higher  temperatures.   From  Fry  and  Hart.'"" 


sumed.-''  The  rate  of  increase  in  total  heat  production  with  body  weight  varies 
for  different  species. 

The  ability  of  animals  to  withstand  temperature  extremes  and  their  metab- 
olic acclimatization  to  extreme  heat  and  cold  constitute  an  interesting  biological 
story  but  one  on  which  there  is  as  yet  only  scattered  information.  Some 
organisms  live  in  environments  in  which  the  temperature  never  exceeds  0° 
C."^^  Irving^ '**•'•  cites  the  case  of  certain  arctic  animals,  notably  the  ground 
squirrel,  CiteUiis,  which  can  withstand  environmental  temperatures  down  to 
minus  30°  C.  for  six  hours,  under  which  conditions  the  respiratory  exchange 
increases,  but  the  R.Q.  decreases,  indicating  fat  utilization.  The  arctic  fox, 
when  exposed  to  this  temperature,  shows  no  metabolic  increase  (Scholander, 
personal  communication).  The  gas  exchange  of  poikilothermic  animals  at 
higher  temperatures  increases  until  a  point  is  reached  (at  about  35°  C.  body 
temperature)  when  certain  deleterious  effects  appear,  causing  the  oxygen 
uptake  to  drop  suddenly.    Fry  and  Hart*--  have  recently  shown  that  the 


242  Comparative  Animal  Physiology 

"basal"  rate  of  oxygen  consumption  for  the  goldfish,  Carassius,  increases  up  to 
a  temperature  of  35°  C,  but  during  activity  the  maximum  metabolic  llvel  is 
limited  to  approximately  30°  C.  The  "maximum  steady  state,"  the  condition  of 
normal  activity,  at  various  temperatures,  is  definitely  related  to  given  rates  of 
oxygen  uptake,  the  higher  the  temperature  maintained  the  greater  the  oxygen 
consumption  (Fig.  53).  At  reduced  tensions  the  oxygen  consumption  rapidly 
falls  off,  being  affected  at  a  higher  oxygen  tension  for  the  higher  metabolic 
rate,  indicating  the  inability  of  the  fish  to  maintain  the  specific  activity  at  the 
designated  temperature.  One  should  not  lose  sight  of  the  fact,  moreover,  that 
the  solubihty  of  oxygen  is  much  reduced  at  the  higher  temperatures,  although 
activity  is  increased.  High  temperature  tolerance  is  directly  associated  with 
organic  composition,  particularly  that  of  the  unsaturated  fatty  acids,  and  this 
is  frequently  reflected  in  the  gas  exchange  and  R.Q.  The  effects  of  age  and 
size  on  temperature  adjustment  are  important  as  seen  in  recent  evidence  on 
sand  crabs,  click  beetles,  beach  fleas,  and  killifish,  which  clearly  indicate  that 
smaller  animals  in  a  species  respond  to  temperature  changes  more  markedly 
than  do  larger  onesi"-''  -^"o  (Fig.  54). 

Metabolic  adaptations  to  temperature  differences  have  been  noted  in  rela- 
tion to  species  adjustment  in  Drosophila  (p.  235)  and  to  seasonal  acclimatiza- 
tion among  crustaceans  and  fish  (p.  240).  Likewise  adaptations  to  tempera- 
ture variations  associated  with  geographic  distribution  of  Crustacea  may  be 
demonstrated,  as  in  the  comparison  of  oxygen  consumption  by  prawns  from 
Swedish  and  from  English  waters.  When  measured  at  the  temperatures  of 
their  natural  environments  (5  and  15°  C.)  Swedish  crayfish  consume  less 
oxygen  than  their  English  relatives.  However,  if  measured  at  the  same 
temperature  (10°  C),  the  metabolic  rate  of  the  northern  forms  may  exceed 
by  more  than  twice  that  of  the  southern  specimens.^ ^-'  ^^'^  As  locomotion, 
breathing  movements,  and  heart  rates  of  the  southern  species  are  only  slightly 
increased  over  those  of  the  northern  species  (the  animals  being  to  this  extent 
somewhat  acclimatized  to  their  warmer  environment),  the  higher  metabolic 
rate  of  the  English  crayfish  may  be  explained  as  due  to  their  greater  "non- 
activity"  metabolism  (see  Chapter  10). 

When  measurements  were  made  at  the  same  temperature— 16°  C— river 
lampreys  from  a  3°  C.  environment  consumed  about  50  per  cent  more  oxygen 
than  those  from  16°  C.  waters.-^^^  The  same  sort  of  acclimatization  has  been 
observed  in  Drosophila.  On  the  other  hand,  when  both  are  measured 
at  25°  C,  Amhlystoma  raised  at  20°  C.  have  a  higher  rate  of  oxygen  consump- 
tion during  early  development  than  those  reared  at  15°  C. 

Benedict-^  has  generalized  the  situation  by  stating  that,  when  the  tempera- 
ture of  the  environment  is  lowered  to  10°  C,  the  metabolic  activity  of  warm- 
blooded animals  will  always  exceed  that  of  cold-blooded  animals  at  that 
temperature,  and,  conversely,  when  the  temperature  is  elevated  to  the  region 
of  37°  C,  the  metabolic  heat  production  of  the  poikilotherms  will  never 
exceed  34  per  cent  and  will  average  12.5  per  cent  of  that  of  the  homoiotherms 
at  this  temperature. 

Diurnal  and  seasonal  rhythms  in  the  temperature-ox>'gen  consumption 
relationshi])  are  important  in  many  organisms— much  of  which  has  to  do  with 
daily  routine  on  the  one  hand  and  with  seasonal  adjustment  on  the  other.  An 
apparently  endogenous  diurnal  variation   in   oxygen   consumption,   possibly 


Respiration  and  Metabolism 


24B 


reflecting  an  intrinsic  activity  or  nutritive  cycle,  has  been  claimed  for  the 
catfish— measured,  although  not  necessarily  maintained,  under  conditions  of 
total  darkness  and  constant  temperature  and  water  flow.  A  consistently  higher 
oxygen  consumption  (about  50  per  cent)  was  demonstrated  in  the  afternoon 
and  evening,  compared  with  that  of  the  forenoon.'"^  Depressions  in  the  oxygen 
consumption  correlated  with  both  temperature  changes  and  food  shortage  have 
been  pointed  out  in  various  warm-blooded  animals.  The  chicken,  for  instance, 
has  a  metabolic  maximum  in  the  morning  (78°  F.,  air  tem^ierature)  and  a  low 
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Fig.  54.  Oxygen  consumption  in  click  beetles,  Melanotus,  and  beach  fleas,  Talorchestia, 
of  different  weights,  showing  the  greater  response  of  the  smaller  individuals  to  tempera- 
ture change.  After  Edwards.^'^^ 


at  evening  (61°  F.).-°  Koskimies-"-*  has  recently  shown  that  under  conditions 
of  partial  starvation  swifts  (Micropiis  a.  apus)  become  poikilothermic— the  body 
temperature  drops  in  the  early  morning  hours  to  within  2-3°  C.  of  the  external 
temperature,  respiratory  breathing  rate  falls  from  about  40  to  10  per  minute, 
and  the  oxygen  consumption  decreases  proportionately.  The  sloth '^*^  too  tends 
toward  poikilothermy  as  a  respiratory  increase  accompanies  a  temperature  rise 
from  33°  to  37°  C.  All  things  considered,  it  becomes  increasingly  evident  that 
many  mammals  and  birds  show  marked  changes  in  internal  temperature  and 
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oxygen  consumption,  and  there  is  no  clear-cut  distinction  between  two  great 
groups  of  animals-poikilothermic  and  homoiothermic.  The  initial  lack  of  a 
temperature-regulating  mechanism  in  xery  young  animals,  followed  by  an 
adjustment  period  during  which  the  temperature  control  becomes  firmly 
established,  is  not  uncommon  in  higher  vertebrates.  The  labile  respiratory 
and  cardiovascular  conditions  so  pronounced  in  hibernation  among  mammals 
are  discussed  as  a  function  of  temperature  in  Chapter  10. 

Temperature  changes  thus  prove  to  be  intimately  interconnected  with  the 
respiratorv  pattern  of  animals,  in  some  instances  resulting  in  adjustment  to 
environmental  variation  and  in  others,  through  metabolic  regulation,  counter- 
acting the  external  change  over  a  significant  temperature  range. 

The  consideration  of  animal  metabolism  leads  to  the  conclusion  that  the 
rate  of  oxygen  consumption  as  usually  determined  under  conditions  approxi- 
mating rest  may  serve  as  a  reference  point  in  defining  the  respiratory  state  of 
an  individual,  but  there  are  many  modifying  factors,  both  within  and  without 
the  organism,  which  affect  the  character  of  the  gas  exchange.  It  is  of  signifi- 
cance to  understand  the  part  each  factor  plays  in  the  response  of  the  organism 
to  its  oxygen  environment,  for  here  lies  the  basis  of  important  physiological 
adaptation. 

INTERRELATIONS  BETWEEN  OXYGEN  TENSION  AND 
OXYGEN  CONSUMPTION 

General  Types  of  Reactions.  The  rates  of  oxygen  consumption  and  of 
breathing  movements  are  variably  dependent  on  the  available  oxygen,  a  func- 
tion of  the  gas  tension.  Many  organisms  are  able  to  maintain  a  steady  respira- 
tory state  and  are  independent  of  oxygen  tension  over  a  considerable  range,  as 
is  man  down  to  an  oxygen  concentration  of  about  13  per  cent  (100  mm. fig) 
or  the  earthworm  to  3  per  cent  of  atmospheric  pressure.  These  animals  are 
capable  of  respiratory  regulation.  Many  other  animals  (Nereis,  Homarus, 
etc.)  show  a  direct  dependence  of  oxygen  consumption  on  oxygen  tension, 
and  each  variation  in  gas  pressure  is  reflected  in  a  metabolic  change  in 
the  organism.  The  dift'erent  responses  to  decreased  oxygen  tensions  are  in 
some  cases  attributed  to  different  activity  adjustments  as,  for  example,  in  the 
mackerel  and  the  toadfish-the  sluggishness  of  the  latter  corresponding  with 
its  ability  to  live  in  oxygen-deficient  water,  compared  with  the  more  active 
mackerel  which  can  sur\'i\e  only  in  an  oxygen-rich  medium.  In  other  metab- 
olic comparisons  the  lack  of  dependence  of  oxygen  consumption  on  tension 
is  due  to  sheer  efficiency  of  the  respiratory  mechanism  at  low  tensions.  This 
is  seen  in  the  chironomid  insects,  for  instance,  whose  plasma  hemoglobin 
permits  them  to  extract  oxygen  at  \'ery  low  tensions  and  to  survi\e  o.xygen 
depletion  much  better  than  their  hemoglobinless  relatives,  a  condition  which 
must  afford  considerable  survival  value  in  oxygen-deficient  water.  The  follow- 
ing paragraphs  will  consider  significant  physiological  adajitations  to  oxygen 
tension  and  the  \arious  ecological  consequences  involved. 

Dependence  of  Oxygen  Consumption  on  Ox)  gen  Tension.  1  he  rate  of 
oxygen  consumption  varies  linearly  with  tension  over  a  wide  pressure  range 
in  those  animals  which  show  little  capacity  to  regulate,  e.g..  Nereis,  Homarus, 
Limitlits,  Callinectes.^-  "'  The  oxygen  consumption  is  thus  dependent  on 
tension,  indicating  little  respiratory  control  and  the  probable  importance  of 
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diffusion  in  supplying  the  tissues  with  oxygen.  This  proportionaHty  between 
consumption  and  tension  may  apply  to  pressures  above  normal  atmospheric 
oxygen  tensions  in  a  number  of  non-regulatory  animals,  for  example,  Limax 
and  Limidus.  Such  a  phenomenon  indicates  either  an  increase  in  oxidative 
processes  as  a  result  of  the  added  oxygen  partial  pressure  or  a  normal  unsatura- 
tion  of  oxygen  in  the  tissues  at  atmospheric  pressures.  Critical  oxygen  tensions 
(to),  gas  pressures  above  which  oxygen  consumption  is  constant  despite  varia- 
tions in  the  partial  pressure,  are  given  by  Maloeuf^"*-  as  follows,  for  four 
animals,  all  of  which  he  regards  as  suffering  a  state  of  oxygen  unsaturation  at 
normal  ambient  tensions: 


Cambarus  clarkii 
Fundulus  heteroclitus 
Limulus  polyphemus 
Triturus  pyrrhogaster 


186  mm.  Hg  pOo 
190     "         "     " 
220     "         "     " 
760     "         "     " 


In  contrast  to  this  group  of  individuals  which  adjust  metabolism  according 
to  environmental  oxygen  tensions  stand  those  organisms  with  great  ability  to 
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Fig.  55.  Oxygen  consumption  plotted  against  oxygen  tension  for  mayfly  nymphs, 
showing  dependence  in  Baetis,  independence  in  Cloeon,  and  intermediate  conditions  in 
Leptophlehia  and  Ephemera.   From  Fox  et  al."" 

regulate  so  as  to  maintain  a  constant  consumption  in  the  face  of  changing 
oxygen  pressure.  Uptake  is  therefore  independent  of  oxygen  tension,  at  least 
over  a  very  wide  range— e.g.,  the  crustaceans  Astaciis  and  Carciniis,  and  the 
molluscs  Aplysia  and  Eledone.  In  Figure  55  the  oxygen  consumption  of  the 
ephemerid,  Cloeon  dipterum,  is  shown  constant  down  to  about  1.6  cc.  02/liter 
of  water,  corresponding  to  32  mm.  Hg  partial  pressure  of  oxygen."''  Such  a 
degree  of  respiratory  independence  indicates  respiratory  control  or  a  state  of 
more  than  adequate  oxygen  saturation  prevailing  in  the  tissues  even  at  low 
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pressures.  That  such  is  sometimes  the  case  is  known  in  those  hemoglobin- 
containing  invertebrates  whose  blood  pigments  are  saturated  at  very  low 
pressures  and  which  show  low  oxygen  unloading  tensions,  e.g.  Chironornvs 
(t,/2  sMt.=0.6  mm.  llg  at  0  CO:-)  and  the  snail,  Planorhis  (ti/o  sat.  =  l-9  mm. 
Hgat0CO2).  The  hemocyanin  of  Bnsycow  blood  (Gastropoda)  has  a  tj/:..  ,,,t 
of  13  mm.  llg  at  0  CO:-,  reducible  to  less  than  3  mm.  Hg  at  19.6  mm.  llg 
CO..-'-'^  This  permits  survival  in  oxygen-deficient  water  in  equilibrium  with 
air  at  less  than  5  per  cent  of  an  atmosphere. 

The  relationship  of  oxygen  consumption  to  oxygen  tension  for  most  organ- 
isms is  summarized  in  Figure  55,  represented  by  a  hyperbolic  curve  with  no 
clear  break  to  indicate  the  critical  tension— a  plot  midway  between  the  extreme 
non-regulatory  Baetis  (t..=240  mm.  Hg)  and  the  highly  regulatory  Cloeon 
(t,.=;32  mm.  llg).  In  his  significant  review  of  many  such  intermediates, 
Tang-'-^^  relates  cc.  per  gram  hour  of  O^,  A,  to  O2  tension,  P,  in  the  equation: 


A= 


K,  +  K,P 


where  K,  and  Kj  are  constants.  Different  values  of  K  indicate  differences  in 
the  degree  of  regulation.  In  the  event  Ki  is  very  small,  A  becomes  approxi- 
mately constant;  i.e.,  the  oxygen  consumption  is  independent  of  tension. 

The  lack  of  dependence  of  oxygen  consumption  on  tension  may  be  attributed 
in  some  instances  to  the  respiratory  stimulating  capacity  of  oxygen  want,  acting 
to  increase  the  breathing  rate  and  respiratory  activity.  Such  a  control  implies 
the  presence  of  respiratory  centers  and,  ergo,  a  higher  state  of  respirator}' 
development  than  for  non-regulatory  animals.  A  correlation  with  phylogenetic 
position,  however,  cannot  be  demonstrated."-  '"'•  ^■''' 

Critical  Tensions.  The  actual  presentation  of  comparative  values  of  critical 
tensions  is  no  mean  task,  owing  to  the  vicissitudes  with  which  these  x'alues 
respond  to  external  conditions,  and  to  the  variations  in  the  experimental  pro 
cedures  under  which  the  determinations  are  carried  out.  It  has  been  shown 
very  clearly  in  the  flatworm,  Planaria  agilis,  for  example,  that  the  oxygen 
consumption  generally  is  constant  down  to  a  concentration  of  3  cc.Oo/1.,  but 
if  the  ()j  deprivation  is  produced  very  slowly  consumption  may  continue  on 
down  to  a  concentration  of  0.5  cc./l.  The  t^.  may  be  approximately  60  mm.  Hg, 
or  10,  depending  on  the  rate  of  oxygen  decrease.  A  good  deal  of  caution  there- 
fore is  urged  against  too  enthusiastic  interpretation  based  on  such  data  as  those 
indicated  in  Table  43,  which  includes  critical  tensions  culled  from  the  litera- 
ture and  some  recalculated  into  partial  pressures  from  solubility  and  saturation 
data.  Absent  from  this  list,  of  course,  are  those  organisms  which  show  complete 
dependence  on  tension  and  therefore  lack  t,.  values  entirely. 

Although  a  low  t,.  value  undoubtedly  connotes  higher  metabolic  efficiency, 
everything  else  being  equal,  other  factors  are  of  considerable  importance  in  the 
matter  of  low  oxygen  tolerance— namely,  oxygen  utilization,  metabolic  level, 
and  the  like.  The  toadfish  is  able  to  extract  practically  all  available  oxygen  out 
of  his  environment,  but  the  mackerel,  trout,  and  similarly  active  fish  require 
a  moderately  high  oxygen  level  at  all  times.  The  tench  can  survive  indefinitely 
at  ordinary  temperatures  in  water  with  no  more  than  0.3  cc.  02/1-,  but  the 
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TABLE  43.  CRITICAL  OXYGEN  TENS10?^S 


Animal 

tc    (mm.  Hg) 

Temp.   (°C.) 

Tetralnuiemi  gelei'^ 

2.5 

Paiauieciuui' 

50 

18-20 

Aurelin  aurita'' 

120 

PehiicUoliydra  oligactis''^ 

60 

Planar'ia  agilis'"' 

55 

20 

"                                   </        1 >M 

10  (slow  pO:;  decrease) 

20 

Tiihifex  tiihifex^'" 

25 

Luvihriciis^'' 

76 

10 

"          '■■"' 

19 

25 

l/rec/iis"- 

70 

17 

WiruAd''' 

32 

25 

Ostrea  g?gns'''" 

30 

Helix'--' 

75 

Loligo'' 

45 

20 

Arhcicia  eggs  (untertilized)'™' 

40 

25 

(tertilized)™' 

50 

25 

"          "    •' 

20 

18-20 

Paracentiotus  lividiis  eggs  (tert.)"' 

228 

Paleomonetes'' 

80 

20 

Potanwhins  astnca'" 

55 

10-11 

Camharus^"- 

40 

Cloeon  diptenini^^'' 

32 

10 

Leptophlebia  niarginatn^^' 

53 

10 

Baetis^^'' 

240 

10 

Dixippus  morosus"' 

159 

Ccilliphora  erythrocephala  (blowHy)'^'' 

57 

29 

Melanoplus  differeiitialis  eggs  (grasshopper)'' 

80 

Termopsis  navigensis  (termite)'' 

40 

40 

Chironomus  thiimnii  (larval  fragments)'"' 

70 

16-23 

Chironomiis  plumosiis^'" 

60 

17 

Limnephilis  rhombicus  (caddis  fly)'"" 

25 

Fiindidus  heteroclitiis" 

16 

20 

Tetraodon  viacidatus  (puffer)"" 

100    • 

20-21 

Stenotomiis  chrysops  (scup)"" 

30 

20-21 

Cickla  ("Tucunare")*'" 

32 

Rnna'-"' 

45 

more  active  perch  require  twice  this  concentration.  Conversely,  the  frog— and 
this  is  not  indicated  in  any  correlation  of  critical  tensions— has  been  claimed  to 
get  along  for  24  hours  in  the  absence  of  oxygen. -^^ 

The  response  of  individual  tissues  to  decreasing  oxygen  tensions  need  not 
be  the  same  as  that  of  the  entire  organism.  Isolated  frog  muscle,  for  example, 
shows  a  constant  oxygen  uptake  when  the  partial  pressure  of  oxygen  is  reduced 
from  760  mm.  to  0.5-2.0  mm.  Hg.^^'"' 

Blood  Pigments  and  Oxygen  Tension.  An  important  factor  in  the  ability 
of  an  organism  to  regulate  oxygen  consumption  and  thereby  remain  physiolog- 
ically aloof  from  the  depressive  effect  of  reduced  tension  is  the  affinity  of  the 
blood  pigments  for  oxygen,  and  particularly  the  saturation  tension  Ct^„t)  and 
tension  at  half-saturation  (ti/^Mit),  as  well  as  the  effects  of  carbon  dioxide,  pfl, 
and  temperature  on  these  blood  oxygen  levels.  This  is  discussed  at  length  in 
connection  with  blood  pigments  (see  Chapter  9).  However,  some  correla- 
tions are  in  order  here. 
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Hiestand*"-  demonstrated  in  dragonfly  nymphs  and  crayfish  that  the  t,. 
value  is  depressed  by  carbon  dioxide,  by  low  pH,  and  by  a  combination  of  both, 
acting  as  respiratory  stimulants  apparently  through  a  control  center.  On  the 
other  hand,  in  those  invertebrates  containing  hemoglobin,  carbon  dioxide 
increase  may  reduce  the  oxygen  uptake,  as  Ewer'**"  demonstrated  in  Chirono- 
mus,  and  so  tend  to  elevate  the  critical  tension.  Elimination  of  the  action  of 
hemoglobin  in  the  blood  by  use  of  carbon  monoxide  more  effectively  accom- 
plishes the  same  thing.  Oxygen  consumption  in  the  earthworm  is  normally 
relatively  independent  of  tension  down  to  about  3  per  cent  (20  mm.  Hg.),  but 
in  the  presence  of  carbon  monoxide  it  is  independent  down  to  only  8  per  cent 
of  an  atmosphere  (60  mm.  Hg). 

Temperature,  Tension  and  Oxygen  Consumption.  At  low  temperatures 
the  metabolic  activity  of  poikilotherms  is  reduced  and  they  are  able  to  with- 
stand oxygen  tensions  below  those  required  at  higher  activity  levels  (Fig.  53). 


20 


15  10  5 
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Fig.  56.  Relation  of  oxygen  tension  to  oxygen  consumption  at  different  temperatures 
in  white  mice.  At  low  tensions  the  rates  of  O^  uptake  are  the  same  despite  temperature 
differences.  After  Chevillard  et  al."® 


In  hibernating  mammals  also  the  oxygen  requirements  may  fall  to  5  per  cent 
of  that  of  non-hibernating  animals.  Homoiotherms  are  faced  with  another 
problem  at  low  temperatures,  however,  and  any  small  change  in  oxygen  tension 
can  have  profound  effects.  Mice  maintained  at  30°  C.  can  tolerate  oxygen 
depletion  to  38  mm.  Hg  partial  pressure,  but  those  kept  at  20°  C.  withstand 
concentration  reductions  only  down  to  55-60  mm.  Hg  when  the  reduction 
in  oxygen  occurs  at  the  same  rate.***^  However,  if  care  is  taken  to  reduce  the 
oxygen  concentration  slowly  enough,  those  maintained  at  20°  C.  can  also 
tolerate  oxygen  at  38  mm.  Hg  pressure.    Although  the  oxygen  consumption 
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at  high  tensions  is  highest  for  animals  maintained  at  4°  C.  and  lowest  for  those 
kept  at  30°  C,  the  rate  of  oxygen  consumption  is  the  same  for  all  when 
measured  at  35-40  mm.  Hg  oxygen  tension  (Fig.  56).  The  oxygen  tension 
necessary  to  maintain  a  constant  body  temperature  of  37°  in  mice  at  30° 
C.  air  temperature  is  64  mm.  I  Ig;  at  20°  it  is  97  mm.  Hg,  and  at  4°  it  is  155 
mm.  Hg.  At  lower  tensions  the  body  temperature  declines. 


Fig.  57.  Curves  showing  the  least  tolerable  oxygen  concentration  as  a  function  of  pH 
for  fish:  (1)  goldfish,  (2)  yellow  perch,  (3)  and  (4)  bluntnose  minnow,  (5)  steel- 
colored  minnow,  (6)  bluegill.   Temperatures  18-25°  C.   From  Wiebe  et  al.™' 

Effect  of  pH  on  Minimum  Tension.  The  minimum  oxygen  concentration 
which  can  be  tolerated  may  vary  with  the  pH,  but  whether  this  is  an  effect 
of  its  respiratory  stimulating  powers  or  of  the  ability  of  the  organism  to  extract 
oxygen  within  a  limited  pH  range  is  uncertain.  Probably  the  respiratory  stimu- 
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lation  set  up  by  the  acidosis,  on  the  one  hand,  and  the  Bohr  effect,  on  the 
other,  has  a  good  deal  to  do  with  the  phenomenon.  In  a  series  of  fresh-water 
fish  investigated  for  their  least  tolerable  oxygen  tension  as  a  function  of  pH, 
the  majority  reached  the  minimum  oxygen  level  at  or  near  the  neutrality 
point. '"'^  iMost  of  those  studied  (largemouthed  and  smallmouthed  black  bass, 
white  crappie,  yellow  perch,  rainbow  trout,  sunfish,  and  goldfish)  were  able 
to  extract  oxygen  at  low  tensions  over  a  wide  pH  range-pH  5  to  9  in  several 
cases— whereas  the  bluegill  minnow  was  limited  to  pH  7-9,  and  the  steel- 
colored  and  blunt-nosed  minnows  to  pH  7-8  (Fig.  57). 

Relation  of  Least  Tolerable  Tension  to  Size  and  Age.  Size  and  age  may 
alter  the  capacity  of  organisms  to  utilize  oxygen  at  low  tensions  and  thereby 
affect  the  critical  tension  values.  Some  discrepancies  may  appear  in  Table  45 
as  a  result  of  such  factors.  The  oxygen  consumption  rate  of  large  Planaria  is 
limited  below  14-15  volumes  per  cent  (ca.  110  mm.  fig),  well  above  the  t,. 
values  presented  in  the  table.^-^  In  the  crayfish,  Camharns,  higher  t,.  values 
were  found  for  larger  individuals. ^•'•■"*  Animals  weighing  4.3,  9.0,  and  17.1  gm. 
showed  critical  tensions  at  32,  48,  and  65  mm.  Hg,  respectively.  The  larger 
(older)  the  animal,  the  less  the  range  of  respiratory  regulation. 

Critical  Tension  and  Tissue  Oxygen  Saturation.  The  correlation  between 
respiratory  regulation  and  the  presence  of  an  oxygen-carrying  mechanism,  such 
as  the  readily  saturated  hemoglobin  transport  system  in  Chironomus,  is  a  rela- 
tionship which  applies  directly  to  interpretations  of  oxygen  consumption- 
oxygen  tension  independence.  Cloeon  (Fig.  55)  might  be  regarded  as  having 
a  fully  saturated  oxygen  system  above  32  mm.  Hg  tension.  This  concept  has 
been  considered  extensively  by  Maloeuf,-^-  who  expresses  critical  tensions  as 
a  function  of  the  atmospheric  pressure  necessary  for  half  saturation  of  the 
tissues.  Although  some  skepticism  may  be  in  order  concerning  the  advantages 
gained  by  Maloeuf's  unorthodox  and  cumbersome  method  of  handling  data, 
largely  recalculated  from  the  work  of  other  investigators,  something  is  to  be 
said  for  his  emphasis  on  the  startling  dependence  of  oxygen  consumption  on 
tension— Mytihis,  for  instance,  shows  no  critical  tension  at  640  mm.  Hg— four 
times  atmospheric  pressure  of  oxygen.  The  possibility  that  oxygen  saturation 
of  the  tissues  is  of  great  importance  in  the  problem  of  respiratory  regulation 
is  worthy  of  consideration.  Considerable  evidence  supports  the  view  that 
single-ceiled  organisms  as  well  as  tracheates  without  gas  transporting  systems 
may  be  relatively  independent  of  oxygen  tension  over  a  wide  oxygen  pressure 
range.  Further,  animals  with  transporting  systems  are  on  the  average  about 
ten  times  more  independent  of  tension  than  are  those  without  oxygen  trans- 
porting mechanisms.  Although  tissue  saturation  even  at  low  tensions  may  be 
important  in  the  responses  of  one-celled  and  tracheate  organisms,  the  absolute 
rate  of  metabolism  and  the  adequacy  of  diffusion  at  low  tension  are  also  im- 
portant factors.  The  relative  independence  of  those  animals  with  and  without 
circulating  systems  probably  depends  primarily  on  the  presence  or  absence  of 
blood  pigments,  rather  than  of  circulation  itself. 

Oxygen  Withdrawal.  The  ability  of  animals  to  withdraw  oxygen  from 
their  aerial  or  aquatic  media  at  low  pressures  governs  in  part  their  critical 
tensions,  minimum  tolerable  oxygen,  and  indeed  their  distribution  through 
the  ecological  adjustment  to  available  oxygen.  It  is  not  without  some  interest 
to  survey  the  problem  of  efficiency  of  oxygen  uptake  ("utilization"  in  the  sense 
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of  "Auznutzung"  of  Winterstein-"-0  under  normal  oxygen  tensions,  in  lieu 
of  any  wealth  of  information  on  measurements  at  minimum  partial  pressures 
(Table  44).  Although  much  variation  prevails,  certain  trends  among  groups 
are  apparent.  Withdrawal  is  low  in  the  sponges,  pelecypods,  and  ascidians,  and 
highest  among  the  molluscs  and  fish.  Oxygen  extraction  here  seems  to  indicate 
an  improved  type  of  respiratory  mechanism.  Some  hesitancy  should  be  shown 
in  accepting  these  figures  as  an  over-all  measure  of  respiratory  efficiency, 
however,  as  the  oxygen  "utilization"  by  definition  is  based  solely  on  the  per- 
centaoe  removal  of  oxyi>,en  from  the  water  passing  across  the  respiratory 
surfaces  and  rexeals  nothing  concerning  the  important  factors  of  quantity 
and  rate  of  water  pumped.  For  comparative  purposes  the  withdrawal  of  several 


TABLE  44.  OXYGEN  WITHDRAWAL  BY  SOME  AQUATIC  ANIMALS 
(Per  cent  O-  removed  from  incoming  water) 


Oxygen 

Animal 

Withdrawal 

Temp.   °C. 

Conditions 

PORIFERA 

Sycon  raphaniis^"' 

39 

20 

Leucandra  aspera'^- 

11 

16-20 

Leuconia  solida^''' 

7 

17-18 

Chondrosia  reniformis^''" 

21 

21 

Suherites  domimcnW'' 

15 

20 

Reniera  rosea^''' 

6 

17-20 

Hircinia  sp^'' 

20 

20-21 

Aplysina  aerophoba}'" 

57 

20-21 

ANNELIDA 

Nereis  virens^^ 

70 

Arenicola'^ 

30-50 

Eunice  gigantea^''" 

50 

17 

Aphrodite  acideata'^"' 

66 

21-22 

Herniione  hystrix^'' 

55 

17 

Chaetopterus  sp.^'"' 

39 

17-20 

Rhynchoholus  convohitus^''' 

44 

18 

Bonella  viridis^'' 

30 

20-22 

CRUSTACEA 

Astacus  ftuviatilis"^ 

59 

13-14 

Low  Oj  tension 

70 

14-18 

High  O-  tension 

Palinurns  vulgaris'^'- 

43 

20-22 

Scyllarus  latus^"" 

43 

22 

Dromia  vidgaris^"' 

43 

20 

Calappa  granulata^^~ 

76 

16-20 

In  sand 

Maja  verriicosa^"'~ 

45 

20 

Anilocra  mediterranean''" 

45 

20 

PELECYPODA 

Cardiiim  Uiherctdatum^'^' 

8 

16-17 

Solen  siliqtia'^'''- 

9 

18 

In  sand 

Pinna  nohilis^''' 

5 

20 

Mya  arenaria"' 

3-10 

25 

After  low  tide 

GASTROPODA 

Haliotis  Uihercidata^'^- 

56 

17-22 

Murex  brandaris^^'- 

38 

20 

In  the  shell 
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TABLE  44  (continued). 

OXYGEN  WITHDRAWAL  BY  SOME  AQUATIC  ANIMALS 

(Per  cent  Oj  removed  from  incoming  water) 


Oxygen 

Animal 

Withdrawal 

Temp.  °C. 

Conditions 

Tritonium  nodiferum^'" 

79 

20 

In  the  shell 

Doris  tuherculata^'- 

67 

22 

CEPHALOPODA 

Octopus  vidgaris^-'" 

63 

17-20 

n                    "         :)77 

70-80 

Low  Oi  tension 

ECHINODERMATA 

Astropecten  aurantiacus^"' 

49 

21 

In  sand 

Echinocardhim  sp.'"" 

54 

20 

In  sand 

Holothuria  tiibidosa^"" 

55 

16-17 

ASCIDIACEA 

Cioyw  intestincdis^''" 

7 

17 

Phalhisia  mavidlata^"' 

6 

17-20 

Ascidia  mentida^''- 

4 

17-20 

PISCES 

Scyllhim  canicula^"" 

46 

18 

Scorpaena  porcus^"" 

53 

18 

Trigla  corax"''- 

59 

18 

Uranoscopus  scaher^'' 

82 

17 

In  sand 

Hippocampus  hrevirostris^''- 

55 

18 

Siphonostoma  ronde/etfi'"' 

65 

20 

Anguilla  sp.'^ 

80 

Sahno  sp."" 

80 

Leuciscus  sp.^~" 

68 

Forced  H-O  supply 

Spheroides  sp.^*" 

46 

20 

air-breathers  may  be  noted:  sloth,  2  per  cent;  man,  4.5  per  cent;  porpoise,  10 
per  cent.^**'''  ^^^ 

The  extraction  of  oxygen  during  changes  in  tension  may  be  variable;  in  the 
puffer  fish  it  remains  the  same  over  a  five-fold  decrease  in  tension,  indicating 
that  the  gills  are  equally  efficient  over  the  entire  range,  although  they  are  not 
able  to  make  up  for  the  lost  pressure  (Table  45).  Furthermore,  in  this  fish 
withdrawal  is  not  changed  through  a  temperature  range  of  12  to  22°  C.^^'^ 
One  might  expect  a  really  efficient  respiratory  mechanism  to  increase  utiliza- 
tion at  lower  tensions,  thereby  contributing  to  a  constant  oxygen  consumption 
and  respiratory  regulation.  Crayfish--**  react  even  less  favorably  to  decreased 
oxygen  concentration,  the  extraction  falling  from  70  per  cent  at  a  tension  of 
160  mm.  1  Ig  to  59  per  cent  at  50  mm.  Hg.  Octopus,  on  the  other  hand,  as  seen 
in  the  table,  has  a  higher  oxygen  withdrawal  at  the  lower  tensions. 

Adaptations  to  Low  Oxygen  Supply.  Throughout  this  chapter  we  have 
noted  significant  structural  and  physiological  adaptations  which  have  arisen 
to  provide  oxygen  for  the  organism,  particularly  under  conditions  of  stress. 
Scores  of  comparable  adjustments  might  be  enumerated,  ranging  from  the 
plastron  mechanism  of  air  storage  in  diving  beetles  (p.  223)  to  the  hypertro- 
phied  gills  in  Sulmnandra  larvae  raised  in  oxygen-deficient  water  (p.  216). 

A  scries  o{  adaptations  to  oxygen  lack  may  be  considered  "migratory"  in 
nature,  i.e.,  taxic  responses.    The  annelid  worm,  Tiihifex,  forsakes  its  oozy 
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abode,  in  the  absence  of  oxygen,  and  comes  to  the  surface  for  air  ("aeropercep- 
tiver  Sinn  ").■'*  L^imhricus  also  is  claimed  to  react  tropistically  to  oxygen  defi- 
ciency.^-^ Likewise  the  need  for  oxygen  converts  the  usually  sessile  protozoan, 
Vorticella,  into  a  temporary  free-swimmer,  which  takes  up  its  stationary  post 
again  in  water  with  adequate  oxygen. -""^  Some  teleost  fish  characteristically 
"surface"  in  oxygen-deficient  water  to  gulp  air,  as  for  example  the  catfish  and 
Leucisciis.^^-  •"•'  Similar  behavior  patterns  may  be  concerned  in  \ertical  migra- 
tions of  earthworms  and  other  burrowing  forms.  The  sipunculid  worm,  Phas- 
colosoma  liirco,  from  the  region  of  the  Malay  Archipelago,  has  migrated  from 
its  marine  beginnings  to  take  up  residence  in  the  intertidal  zone  among  the 
mangrove  roots— driven  shoreward  by  the  need  for  oxygen,  presumably,  but 
tethered  to  the  sea  by  osmotic  and  structural  limitations. 


TABLE  45.  OXYGEN  WITHDRAWAL  BY  THE  PUFFER  FISH  FROM 
SEA  WATER  OF  VARYING  OXYGEN  TENSIONS"'' 

(Temp.  20°  C.) 


Dissolved  Oxygen  in  cc./I. 

Percentage  of  Dissolved 
Ox>'gen  Absorbed 

Affluent  Water 

Effluent  Water 

4.68 

2.16 

46 

4.00 

1.84 

46 

3.10 

1.49 

48 

2.31 

1.10 

47 

1.14 

0.58 

45 

0.98 

0.45 

46 

Two  species  of  Paramecium,  the  chlorophyll-containing  P.  hiirsaria  and  the 
colorless  P.  candatiim,  react  differently  to  oxygen  stress  in  the  presence  of  light 
and  darkness. ^"^  Although  both  avoid  regions  of  oxygen  deficiency  in  the  light 
and  seem  unaffected  by  dark  when  oxygen  is  plentiful,  their  behavior  is 
decidedly  different  when  they  move  from  a  region  of  light  to  one  of  darkness 
during  exposure  to  low  oxygen  tensions.  The  green  infusorian,  being  able  to 
produce  small  amounts  of  oxygen  in  the  light  region,  is  immediately  aflFected 
by  the  darkness,  which  interrupts  the  photosynthetic  production  of  oxygen; 
it  therefore  turns  away  from  the  dark  region.  P.  caudatiini,  on  the  other  hand, 
being  unable  to  produce  oxygen,  does  not  respond  to  the  change  from  light 
to  dark  under  comparable  anaerobic  conditions. 

Certain  insects  resort  to  a  biological  supply  and  obtain  oxygen  from  the 
underwater  stems  of  aquatic  plants.  The  syrphid  fly  larvae,  Chrysogaster, 
which  lives  in  oxygen-deficient  waters,  pierces  the  roots  of  aquatic  grasses 
and  obtains  vital  oxygen.^'^" 

Along  with  these  structural  and  behavioristic  adaptations,  many  types  of 
physiological  accommodation  have  developed  to  facilitate  oxygen  uptake  at 
low  tensions.  Certainly  the  relative  increase  in  rate  of  oxygen  consumption 
itself,  by  way  of  oxyregulation,  as  well  as  hyperventilation,  reduction  of  un- 
loading tension  by  carbon  dioxide  (see  Chapter  9),  and  oxygen  secretion, 
may  be  considered  significant  adaptations  which  become  increasingly  im- 
portant at  low  oxygen  pressures.  Moreover,  in  the  near  or  complete  absence  of 
oxygen,  most  animals  have  found  a  way  of  getting  along  anaerobically,  either 
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by  way  oF  a  permanent  adjustment  to  complete  anoxia  or  through  the  tem- 
porary expediency  of  accumulating  lactic  acid  and  an  oxygen  debt  during 
periods  of  oxygen  deficiency— a  problem  further  elaborated  below. 

In  conclusion,  the  response  of  oxygen  consumption  rate  to  changes  in  oxygen 
tension  depends  on  and  is  characteristic  of  the  individual.  Internal  factors 
such  as  blood  pigment,  tissue  saturation,  and  basal  metabolic  rate  affect  this 
relationship.  Environmental  effects  are  important,  including  temperature,  pH, 
and  rate  of  change  of  the  oxygen  tension.  Two  general  reaction  patterns  are 
found:  (1)  that  in  which  the  oxygen  consumption  is  highly  dependent  on 
tension,  the  non-regulatory  type,  and  (2)  that  in  which  consumption  is 
independent  of  oxygen  pressure  over  a  wide  range,  the  regulatory  type.  Further 
work  is  needed  to  clarify  the  interrelation  of  the  factors  operating  in  this  regu- 
lation. It  would  be  of  interest  to  determine,  for  example,  the  effects  of  respira- 
tory inhibitors— carbon  monoxide,  cyanide,  and  azide— on  the  ability  to  regulate 
at  extremes  of  the  consumption-tension  curve.  More  information  is  needed,  to 
add  to  that  obtained  on  fish,  pertaining  to  the  effect  of  pH  on  t,..  Finally,  a 
fruitful  line  of  investigation  would  appear  to  be  that  of  determining  the  degree 
of  oxygen  saturation  of  those  tissues  which  manifest  wide  regulatory  pro- 
ficiency. 

Efficiency  of  organisms  in  an  adaptive  sense  requires  a  compromise  between 
great  activity  under  optimal  conditions  and  wide  tolerance  under  extreme 
conditions.  Consider  the  active  brook  trout  and  the  enduring  lungfish— each  is 
efficient  in  his  own  way. 

REGULATION  OF  BREATHING 

Breathing  Movements  in  Higher  Vertebrates.  The  respiratory  movements 
concerned  in  the  breathing  of  organisms  often  involve  large-scale  ventilation, 
as  the  pumping  of  insects  or  the  undulating  gyrations  of  T^lhifex  during  times 
of  low  oxygen  stress.  On  the  other  hand,  respiratory  movements  may  consist 
of  small  motions,  such  as  the  action  of  spiracular  cells  to  occlude  the  tracheal 
tubes  in  response,  for  example,  to  local  accumulation  of  lactic  acid.  Ventilation 
movements  and  respiratory  control  in  the  higher  vertebrates  have  been  ex- 
tensively considered  in  the  classic  physiological  literature  and  in  a  number  of 
recent  reviews.^-*'-  ^■^^-  '•^-'  ^^^'  ^««'  -«-  ^63,  -'sa.  284,  285,  air,.  382  yj^g  ^gjiy  com- 
parative literature  was  ably  summarized  by  Babak  in  Winterstein's  Handbuch 
der  vergleichende  Physiologic.*^ 

The  control  of  respiration  represents  a  balance  betueen  neurologic  and 
chemoreceptive  mechanisms  acting  both  directly  and  reflexly  on  the  respiratory 
center  and  in  turn  on  the  breathing  mechanism  itself.  Normal  inspiration  in 
mammals  is  an  active  process  stimulated  by  impulses  sent  out  continuously 
over  vagal  and  phrenic  pathways  from  the  inspiratory  subdivision  of  the 
medullary  respiratory  center.-*^*'  The  ensuing  inspiration  results  in  barrages 
of  sensory  impulses,  originating  in  the  stretch  receptors  of  the  lungs  them- 
selves,"" and  being  returned  to  the  respiratory  center  to  inhibit  lurther  inspira- 
tion in  accordance  with  the  well  established  I  lering-Breuer  reHex.  Exhalation 
is  largely  a  passive  process  in  normal  eupneic  breathing  and  does  not  generally 
call  forth  expiration-inhibiting  or  inspiration-stimulating  impulses,  as  originally 
put  forth  as  part  of  the  Hering-Breuer  mechanism. -'^^  I  lowever,  further  nerv- 
ous reflex  control  of  breathing  is  indicated  in  hyperpnea  in  both  the  inspiratory 
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and  the  expiiator\  phase,  inasmuch  as  extreme  inspiration  results  in  greater 
excitation  of  the  inspiratory  center  to  provide  a  short  additional  respirators- 
spurt,  and  extreme  expiration  causes  stimulation  of  "deflation"  receptors  by 
which  the  succeeding  inspiration  is  augmented  more  forcibly  than  it  would  be 
otherwise.  1  he  cells  of  the  respiratory  center  show  considerable  \ariation  in 
threshold,  thereby  permitting  a  graded  response  to  increased  stimulation.  Only 
a  few  fibers  are  active  in  eupnea,  but  with  the  proper  respiratory  stimulation 
less  excitable  neurones  react,  and  the  impulse  frequency  of  all  the  fibers  in- 
creases. In  general  the  threshold  of  the  expiratory  neurones  is  higher  than  that 
of  the  inspiratory  neurones.  I  he  medullary  respiratory  center  initiates  and 
coordinates  respiration  by  sending  out  a  constant  flow  of  impulses  which  are 
rhythmically  interrupted  by  the  Hering-Breuer  reflex  mechanism  and,  in 
extreme  hyperventilation,  by  the  pontine  pneumotaxic  center  as  well. 

Wartime  studies  on  pressure  breathing,  accomplished  by  means  of  facial 
masks  to  increase  the  ambient  pressure,  demonstrate  that  inspiration  becomes 
passive  and  expiration  is  necessarily  acti\e,  under  these  conditions,  with  a 
respiratory  pause  following  inspiration. ''' 

The  respiratory  center  is  affected  directly  by  a  number  of  agents,  including 
carbon  dioxide  increase  in  arterial  blood  (the  most  important),  increased 
acidity  of  the  blood,  oxygen  lack,  rate  of  blood  flow,  and  temperature.  Response 
of  the  center  to  increases  in  arterial  carbon  dioxide  is  the  most  delicate  mech- 
anism controlling  breathing.  A  decrease  in  sensiti\iiy  of  the  center  to  carbon 
dioxide  is  frequently  a  concomitant  of  abnormal  conditions  and  may  result  in 
Cheyne-Stokes  breathing  or,  under  sexere  anesthesia  (morphine),  in  complete 
cessation  of  xentilation.^"*^  In  man  and  dogs  increased  tolerance  may  be  estab- 
lished to  carbon  dioxide  atmospheres  of  3  per  cent  and  greater.^ '^  On  the  other 
hand,  an  increase  in  carbon  dioxide  sensitivity  is  indicated  in  cases  of  acido- 
sis.''*"' 

The  action  of  carbon  dioxide  on  the  respiratory  center  is  known  to  be  a 
direct  one,  but  the  mechanism  is  not  clear.  The  older  hypothesis  of  Winter- 
stein'^^  and  Ilaldane^'""'  regarded  the  main  action  of  carbon  dioxide  to  be  its 
acid-producing  capacity,  the  stimulus  taking  effect  through  the  hydrogen 
ions  resulting  from  the  dissociation  of  carbonic  acid.  Carbon  dioxide  per  se 
has  been  considered  more  effective  than  other  hydrogen  ion-producing  sub- 
stances and  has  come  to  be  regarded  as  having  a  specific  effect  on  the  respira- 
tory center.-''^'  •"*'  However,  Gray^^-  finds  that  alveolar  ventilation  seems  to 
depend  on  the  sum  of  the  stimulating  effects  of  blood  COo  and  of  hydrogen 
ion.  GeselP-'"'  '-"  suggests  that  carbon  dioxide  penetrates  the  cells  of  the 
respiratory  center,  where  it  gives  rise  to  excitatory  hydrogen  ions.  Considerable 
evidence  favors  the  action  of  carbon  dioxide  itself  as  a  specific  stimulant  of 
the  center,  but  the  action  of  hydrogen  ions  acting  under  some  conditions  can- 
not be  disregarded. 

The  activity  of  the  respiratory  center  is  modified,  particularly  in  times  of 
respiratory  stress,  by  reflexes  originating  in  the  chemoreceptors  of  the  aortic 
and  carotid  bodies.  These  end-organs  are  particularly  responsive  to  decreases 
in  oxygen  tension  of  the  blood,  and  less  responsive  to  increased  acidity  and 
carbon  dioxide  tension.  The  important  role  of  chemoreception  was  beautifully 
demonstrated  by  the  notable  work  of  Heymans  and  his  colleagues."'^  Largely 
through  the  work  of  the  Belgian  group,  it  is  recognized  that  chemoreception 
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plays  a  part  in  maintaining  the  mild  muscular  tone  during  eupneic  breathing, 
but  the  mechanism  is  largely  one  of  emergency  control  during  severe  anoxia  or 
deep  anesthesia  in  which  the  respiratory  center  becomes  insensitive  to  increased 
carbon  dioxide  tensions.  Although  chemoreceptive  reactions  are  not  to  be 
minimized,  we  would  agree  with  Schmidt'" -^  that  "the  reflexes  probably  do 
not  play  an  important  part  in  respiratory  control  under  conditions  of  quiet 
breathing  at  sea  level  but  they  become  much  more  important  under  abnormal 
or  emergency  conditions  in  which  the  blood  pO^.  or  pH  falls  or  the  blood  pCOi- 
rises  sufficiendy  to  affect  these  relatively  insensitive  but  remarkably  rugged 
structures."  The  oxygen  factor  as  a  stimulant  may  be  regarded  as  negligible 
at  high  oxygen  tensions  and  the  carbon  dioxide  negligible  at  low  oxygen 
pressures.-""  Carbon  dioxide  increase  and  oxygen  lack  summate  in  their  stimu- 


Fig.  58.  Influence  of  O2  and  CO:.,  tensions  on  type  of  respiration  of  the  yarrow,  a 
tropical  fish.  Points  designated  by  circles  indicate  aquatic  respiration,  crosses  show  air- 
breathing  conditions,  and  solid  dots  the  intermediate  stage  of  transition  when  either  or 
both  may  occur.   From  Willmer."'' 

lating  eft'ects  as  determined  by  their  combined  effect  on  the  "breaking  point" 
in  breath  holding.-*"''  Respiratory  adaptability  to  unusual  conditions  was  shown 
by  Schneider,'"^  who  demonstrated  that  human  breath-holding  time  could  be 
extended  to  14-15  minutes  after  forced  breathing  and  oxygen  ventilation. 

In  summary,  carbon  dioxide  in  the  blood  is  the  normal  and  delicately  con- 
trolling factor  in  higher  animals  and  acts  primarily  on  the  respiratory  center 
itself;  whereas  oxygen  lack  is  more  of  an  emergency  condition,  although  acting 
mainly  through  the  chemoreceptive  mechanism  of  the  carotid  body  after  the 
carbon  dioxide  stimulation  has  been  decreased.  The  carbon  dioxide  mechan- 
ism is  the  more  rclined  and  phylogenetically  is  perhaps  the  more  recently 
developed. 
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This  general  account  ot  respiratory  control  in  mammals  pertains  to  both 
eupneic  and  abnormal  breathing.  Certain  mammals,  however,  show  profound 
adaptive  differences  in  their  respiratory  patterns.  These  are  the  relatively 
poikilothermic  "hibernants"  (bat,  hamster,  bear,  marmot,  etc),  whose  respira- 
tory eccentricities  are  discussed  in  Chapter  10,  and  certain  lower  mammals,  lor 
example  the  armadillo  (Edentata),  capable  of  long  periods  of  apnea  despite 
oxygen-dehciency  and  high  blood  carbon  dioxide.-'-^  Diving  birds  and  mam- 
mals also  have  developed  interesting  adaptive  mechanisms  to  permit  apnea  for 
extended  periods  while  submerged  (see  below). 

A  good  deal  of  work  has  accumulated  to  indicate  well  developed  respiratory 
control  among  fish.  ^-  ^'^^-  --^-  ^'^  The  skate  (Selachii)  has  a  well  deiined  and 
relatively  autonomous  respiratory  center  in  the  medulla.  This  center,  which 
may  be  surgically  isolated  anteriorly  and  posteriorly  without  impairing  its 
function,  may  be  regarded  as  a  mechanism  functionally  intermediate  between 
the  segmentally  arranged  ganglia  of  the  invertebrates  and  the  compact  and 
complex  specialized  respiratory  centers  of  the  higher  vertebrates."^ 

Certain  tropical  fish  have  been  extensively  studied  in  their  responses  to 
respiratory  stimulants.'"^  The  electric  eel.  Electro phorus,  a  creek-dweller 
capable  of  breathing  air,  is  stimulated  by  oxygen  deficiency,  carbon  dioxide 
increase,  and  low  pH.  The  yarrow,  Erythrinus,  a  swamp-dweller  in  water  of 
about  pH  4,  can  live  in  either  water  or  air  with  its  gill  chamber  closed  off  by 
the  operculum.  Its  respiratory  control  responds  to  oxygen  lack,  carbon  dioxide 
increase,  and  blood  pH  decrease  down  to  6.  It  relies  on  gills  and  aquatic 
respiration  in  water  containing  1.3-5  cc.  O2/I.  and  8-30  cc.  CO2/I.  At  lower 
oxygen  tensions  and  at  very  low  or  very  high  carbon  dioxide  tensions,  the 
yarrow  tends  to  become  an  air  breather,  taking  air  into  the  gas  bladder  (Fig. 
58). 

In  fish  and  amphibians  the  importance  of  respiratory  center  sensitivity  to 
carbon  dioxide  and  its  effect  on  respiratory  movements  is  difficult  to  evaluate 
because  the  COo  tension  does  not  ordinarily  build  up  to  any  great  degree, 
owing  to  rapid  diffusion  of  the  gas  through  the  integument  and  its  solubility 
in  water.  Further,  considerable  oxygen  may  be  cutaneously  derived,  regardless 
of  breathing  movements.  In  aquatic  forms  oxygen  deficiency  appears  to  be  the 
more  profound  respiratory  stimulant;  carbon  dioxide  is  of  less  significance. 
This  situation  is  reversed  in  air  breathers. 

In  the  frog,  which  is  responsive  to  changes  in  both  oxygen  and  carbon 
dioxide,  the  "glandula  carotica"  may  be  considered  analogous  to  the  carotid 
bodies  of  mammals.  Carbon  dioxide  stimulates  respiration  when  those  glands 
are  either  intact  or  obliterated  (surgically  or  by  painting  with  phenol).  Oxygen 
lack  is  effective,  however,  only  when  the  glands  are  intact. •*•*- 

Reptilian  respiration  is  influenced  by  the  tension  of  the  blood  gases  as  well 
as  by  temperature  effects  on  the  respiratory  center  cells  themselves. ''-'  -•^•'  The 
tortoise  has  both  an  inspiratory  ("gasping")  and  an  expiratory  center.  In  the 
diamond-back  terrapin,  Melaclemys,  a  high  CO2  tolerance  correlates  with 
diving  capacity.-^"  The  reptilian  respiratory  mechanism  may  be  associated 
with  swallowing  and  olfaction;  in  turtles  and  snakes  the  development  of  the 
motor  center  of  respiratory  control  parallels  physiologically  the  esophageal 
peristaltic  center  involved  in  swallowing  reflexes.'^"  The  throat  movements  of 
turtles,  previously  regarded  as  serving  a  respiratory  pumping  function,  may  be 
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regarded  as  "sniffing"  reflexes,  and  are  in  reality  related  to  food  stimulation  and 
olfaction.-*-'  The  breathing  cycle  in  the  tortoise  includes  a  pronounced  com- 
pression phase,  frequently  followed  by  an  apneic  interval.  Of  further  interest 
is  the  variability  in  intratracheal  pressure  developed  from  respiratory  move- 
ments with  the  glottis  closed  except  during  actual  inspiration  and  expiration. 

Oxygen  deficiency  serves  as  a  respiratory  stimulant  in  birds,  but  species 
diff^erences  are  found  in  the  response  to  carbon  dioxide. ^^-^  Carbon  dioxide 
stimulates  in  the  mallard  duck,  English  sparrow,  and  starling,  for  instance,  but 
causes  apnea  in  muscovy  and  pekin  ducks.  Evidence  exists  for  COo  inhibitory 
reflexes  originating  in  chemoreceptors  in  the  nasopharynx. 

A  review  of  breathing  in  vertebrates  indicates  that  central  respiratory  centers 
are  present  among  fishes,  amphibians,  reptiles,  birds,  and  mammals.  The 
development  of  this  control  has  made  possible  responses  to  small  changes 

TABLE  46.  DURATION  OF  DIVES  OF  DIVING  MAMMALS  (AFTER  IRVING^ 


Animal 

Time 

Authority 

Platypus  (Ornithorhynchus  anatinus) 

10  minutes 

Allport,  1878 
Burrell,  1927 

Sea  elephant  (Mironnga  angustirostris) 

6  minutes,  48  seconds 

Harnisch,  1937 

Harbor  seal  (Phoca  vittdina) 

15   "   ,  (3-6  min.  in  zoo) 

Millais,  1906 

Gray  seal  (Halichoeriis  grypus) 

15   "   ,  in  net 

"                      " 

Muskrat  (Oridatra  zihethica) 

12  " 

Irving,  1939 

Beaver  (Castor  canadensis) 

15   " 

Irving  and  Orr,  1935 

Hippopotamus  (Hippopotamus 

50  seconds 

Parked  1932 

atnphihius) 

Florida  Manatee  (Trichechus  latirostris) 

16  minutes,  20  seconds 

Parker,  1922 

Sperm  whale  (Physeter  macrocephalus) 

1-11/2  hours 

Millais,  1906 
Scammon,  1874 
Beddard,  1900 

Bottled-nosed  whale  (Hyperoodon 

2  hours,  (1  hr. 

Gray,  1822 

rostratus) 

wounded) 

Millais,  1906 

Bowhead  whale  (Balaena  mysticetus) 

1  hour,  20  minutes 

Scammon,  1874 

Greeland  whale  (Balaena  sp.) 

1  hour 

Beddard,  1900 

Common  rorqual  (Balaena  niuscultis) 

49  minutes 

Millais,  1906 

Blue  whale  (Balaena  sibhaldi) 

50 

Andrews,  1916 

Finback  whale  (Balaenoptera  physalus) 

1/2  hour 

Allen,  1916 

Fin  whale  (Balaenoptera  plupalus) 

20  minutes 

Ommannev,  1932 

New  Zealand  humpbacked  whale 

not  over  Vi  hour 

Lillie,  1910 

(Megaptera  nodosa) 

Man  (Homo  sapiens) 

21/2  minutes 

Irving,  1939 

in  blood  CO2.  Chemoreceptors,  analogous  to  carotid  bodies,  have  been  demon- 
strated in  Amphibia  and  in  more  advanced  groups,  and  permit  coordinated 
responses  to  oxygen  lack.  Further  work  is  needed  to  clarify  the  relative  im- 
portance of  these  two  types  of  operating  mechanisms,  particularly  among  lower 
vertebrates,  as  well  as  the  role  of  hydrogen  ions,  other  than  those  originating 
from  carbonic  acid,  as  a  respiratory  stimulant. 

Respiratory  Control  in  Diving  Birds  and  Mammals.  In  diving  birds  and 
mammals  a  number  of  adaptations  in  respiration,  metabolism,  blood,  and 
circulation  combine  to  permit  survival  under  water  for  long  periods  (Table 
46).  The  major  respiratory  changes  which  make  such  diving  po.ssible  are  not 
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the  unusual  storage  of  oxygen  or  increase  in  lung  volume,  but  rather  the  more 
efficient  utilization  and  availability  of  oxygen  for  the  essential  operating 
processes,  the  dexelopment  of  anaerobic  glycolysis,  the  high  tolerance  to  lactic 
acid,  and  the  relatixe  insensitivity  to  carbon  dioxide  of  the  animals  while 
submerged.  1  he  rate  of  oxygen  consumption  of  di\'ing  mammals  does  not 
differ  greatly  from  that  of  land  mammals,  ranging  from  546  cc.  O^/kg./hr.  in 
the  seal,  down  to  180  cc.  in  the  manatee,  comparable  to  a  value  of  about  250 
cc.  for  man.  The  xarious  factors  which  play  a  [lart  in  the  oxygen  stores  are 
indicated  as  follows: 

(i)  Lungs— the  lung  volume  is  only  slightly  larger  in  the  dixing  mammals 
than  in  land  animals,  although  the  tidal  air  is  considerably  greater  in  most,  as 
high  as  80  per  cent  of  the  lung  \'olume  in  the  porpoise. '""^ 

(2)  Blood— in  the  seal  the  oxygen  capacity  of  the  hemoglobin  is  1.78  cc. 
Oo/gm.  Hb,  compared  with  1.23  for  man,'""'  and  the  blood  volume  of  the  seal 
is  about  10  per  cent  of  the  body  weight. '"^^  1  he  total  ox\gen  capacity  ol  the 
blood  is  slightly  higher  than  that  in  man  in  some  divers  (29.3  \ols.  per  cent 
in  the  seal),  but  not  in  all  (17.7  vols,  per  cent  in  the  beaver). 

(3)  Muscle  hemoglobin— divers  other  than  the  manatee  have  a  rich  store 
of  muscle  hemoglobin.  Seal  muscle  vields  7715  mg.  flb/lOO  gm.,  compared 
with  1084  mg.  from  beef.-"'i 

(4)  Tissue  Huids— they  appear  the  same  as  in  non-divers. 
Scholander-'-'*  summarizes  the  utilizable  oxygen  stores  of  a  bladdernose  seal 

weighing  29  kg.  as  follows,  taking  the  highest  estimates: 

Air  in  the  lungs:  350  cc,  15%  O^ 
Blood:  4500  cc,  25%  O, 
Muscle:  6000  gm.,  4.5%  O2 
Tissue  fluid 

Total  oxygen  store         1 520  cc. 

The  major  part  of  the  store,  that  of  the  blood,  is  used  up  at  practically  a 
constant  rate  and  can  last  25  minutes,  whereas  the  muscle  oxygen  forms  an 
isolated  store  which  is  used  up  during  the  first  5T0  minutes  of  the  dive.^-'* 
During  a  25  minute  period  at  rest  this  animal  consumes  about  6250  cc.  of 
oxygen,  which  is  four  or  five  times  as  much  as  the  oxygen  stores  could  possibly 
supply  for  the  dive.  One  may  conclude  therefore  that  the  oxygen  consumption 
by  the  tissues  during  a  dive  is  depressed  to  20-25  per  cent  of  the  resting  rate. 
These  findings  are  in  accord  with  similar  observations  on  penguins  and  whales, 
manatees,  and  the  burrowing  three-toed  sloth,  Bradypxis.^^^-  •'*-"•  •*-- 

Ruling  out  oxygen  stores  as  a  critical  factor  in  the  diving  mechanism,  other 
adaptations  have  been  demonstrated  to  permit  submergence  for  long  periods.'-"^ 

(1)  Anaerobic  glycolysis— although  lactic  acid  does  not  accumulate  in  the 
blood  to  any  great  extent  during  the  dive,  large  quantities  literally  flood  the 
blood  stream  immediately  after  surfacing^**"  (Fig.  59).  Apparently  after  the 
oxvgen  in  the  muscle  is  used  up  in  the  first  few  minutes  of  a  dive,  anaerobic 
processes  take  over  entirely  and  an  ox\gen  debt  builds  up,  counteracted  during 
the  dive  only  to  the  extent  that  some  small  quantities  of  oxygen  may  be  brought 
in  bv  the  blood,  itself  pretty  well  blocked  ofl^  from  the  muscle  during  sub- 
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mergence.  The  initial  aerobic  metabolism  of  the  muscle  during  a  dive  is  below 
the  normal  resting  rate,  and  the  anaerobic  rate  in  the  later  stages  is  greater 
than  at  rest.  ■^-•'  A  general  lowering  of  the  metabolic  activity  and  the  formation 
of  lactic  acid  probably  are  not  limited  to  the  muscles  but  occur  elsewhere  in  the 
diver  as  well. 

(2)  Carbon  dioxide  insensitivity-this  is  characteristic  of  diving  mammals 
and  reflects  an  adaptation  to  unusual  conditions  where  lactic  acid  accumulates 
in  tissue  and  would  otherwise  stimulate  the  respiratory  center  to  considerable 
activity.  Carbon  dioxide  insensitivity,  due  to  both  decreased  circulation  of 
the  blood  and  higher  threshold  of  the  respiratory  center,  has  been  demon- 
strated in  the  beaver,  seal,  muskrat,  and  porpoise.  *'''•  ^^^-  ^^■^'  ^^'  The  entire 
resting  respiratory  mechanism  is  adjusted  to  a  high  carbon  dioxide  tolerance 
and  relative  apnea,  with  an  extremely  low  breathing  rate  in  these  animals,  2-4 
inspirations  a  minute  in  the  porpoise  and  2-3  in  the  seal.  Furthermore,  utiliza- 
tion of  the  inspired  oxygen  is  high;  in  Tursiops,  the  porpoise,  for  instance,  an 


Fig.  59.   Arterial  blood  changes  in  the  seal,  Cystophora,  during  experimental 
diving  conditions.   After  Scholandcr.'"'" 

animal  weighing  170  kg.  was  found  to  operate  with  a  resting  breathing 
frequency  of  once  a  minute,  to  inspire  10  liters  with  each  breath,  and  to 
consume  about  1  liter  of  oxygen  a  minute— a  "utilization"  of  approximately  10 
per  cent,  two  or  three  times  that  of  man. 

(3)  Cardiovascular  changes— significant  alterations  in  the  heart  and  periph- 
eral vessels  tend  to  reduce  the  blood  flow  in  most  body  regions  with  the  excep- 
tion of  the  brain.  This  bradycardia  (heart  slowing),  first  described  by  Paul 
Bert  in  diving  ducks,  has  been  demonstrated  in  practically  all  diving  mammals, 
including  man.  In  the  seal  the  heart  slows  from  a  resting  value  of  about  80  per 
minute  to  10  during  a  dive.  This  reduction  in  heart  rate  is  a  vagal  reflex. 
Another  important  reflex  is  the  vasomotor  change  which  effectively  shuts  the 
circulation  off  from  the  main  muscle  masses  of  the  body,  as  manifested  by  (a) 
complete  reduction  of  the  muscle  hemoglobin  at  a  time  when  the  blood  is 
still  half  saturated  with  oxygen,  and  (1?)  accumulation  of  large  amounts  of 
lactic  acid  in  the  muscles  and  its  absence  in  the  blood  during  the  dive. 
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The  ability  of  diving  mammals  to  remain  submerged  is,  then,  based  on 
several  interacting  factors,  with  anaerobic  glycol^'sis  and  tolerance  to  high 
levels  of  lactic  acid  and  carbon  dioxide  playing  critical  roles. 

Effect  of  Temperature  on  Breathing.  In  strictly  homoiothermic  forms  there 
is  little  change  in  breathing  rate  at  rest  over  a  fairly  wide  range  of  external 
temperature.  However,  at  both  the  high  and  low  limits  of  normal  temperature 
control  respiratory  movements  may  increase  severely.  The  respiratory  center  of 
birds  and  mammals  itself  is  sensitive  to  changes  in  blood  temperature,  and 
both  the  depth  and  rate  of  respiration  increase  with  high  body  temperatures. 
In  the  wren,  Troglodytes,  with  a  normal  body  temperature  range  of  100°  to 
107°  F.,  the  breathing  rate  increases  from  an  average  normal  of  100  per  minute 
at  105°  F.  to  340  per  minute  at  1 16°  F.^^  Likewise  a  severe  reduction  in  body 
temperature  in  this  small  bird  may  produce  a  ventilation  rate  of  240  per 
minute.  The  respiratory  center  of  the  bat  is  likewise  sensitive  to  thermal  stimu- 
lation.-"^"'^ 

Among  invertebrates  and  cold-blooded  vertebrates  the  temperature  eflFects 
on  breathing  largely  parallel  those  on  oxygen  consumption— there  is  an  increase 
in  activity  at  high  temperatures  (Fig.  60).  ^^'  '^"^^  ^^'^ 
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Fig.  60.  Effect  of  temperature  on  respiration  of  the  puffer  fish,  Spheroides.  R,  respira- 
tion per  minute.  M,  cc.  Oj/kg./hr.  W,  dl.  H-O/hr.  pumped  through  branchial  cavity. 
O,  percentage  of  O,'  utiHzed.   From  Hall."" 


Respiratory  Movements  During  Flight.  Wing  beat  and  breathing  move- 
ments may  be  synchronized  during  flight,  as  in  insects,  birds,  and  bats,-"'-  -^•^• 
:io.T.  :iS5  bm  respiratory  movements  may  stop  altogether  during  flight  (Fig. 
61).^^"  The  finch,  Fringilla,  has  a  respiratory  rhythm  of  4-5  per  second  both 
at  rest  and  in  flight,  and  superimposed  on  this  a  flight  rhythm  of  15-20  per 
second."'^  The  actual  respiratory  advantage  of  synchronized  movement  is  not 
clear,  but  in  those  instances  in  which  flight  movements  greatly  augment  respira- 
tory rhvthms  a  distinct  benefit  may  be  derived. 
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Regulation  of  Breathing  in  Tubifex.  The  responses  of  this  small  bottom- 
dwelling,  fresh-water  oligochaete  worm  constitute  an  interesting  respiratory 
pattern/''  •'^'*  These  worms  have  become  adapted  to  an  oxygen  microstratum 
just  above  the  layer  of  mud  in  which  they  ordinarily  reside.  Depletion  of  the 
oxygen  by  bacterial  oxidation  in  the  ooze  below  causes  the  worms  to  extend 
themseh'es  10  or  12  times  their  former  length  to  reach  a  satisfactory  oxygen 
zone.  The  extension  is  accompanied  by  rhythmic  corkscrew  movements  which 
agitate  the  water  and  probably  draw  down  water  containing  more  oxygen.  The 
respiratory  movements  are  stimulated  by  oxygen  lack  and  in  intensity  are 
inversely  proportional  to  the  oxygen  supply  below  surface.    Carbon  dioxide 
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Fig.  61.  Breathing  movements  of  the  wasp,  Vespa  orientalis,  and  the  orthopteran, 
Schistocerca  gregaria,  during  flight.  Arrows  indicate  the  beginning  (l)  and  end  (i)  of 
flight  movements.   From  Fraenkel."^ 

increase  does  not  stimulate  the  movements  but  may  in  fact  suspend  the  rhythm 
initiated  by  oxygen  lack. 

Ventilation  Mechanisms  in  Polychaete  Worms,  An  extensive  study  of  the 
respiratory  mechanisms  among  polychaetes  has  been  made  by  Lindroth.--'' 
Methods  of  ventilation  for  thirty  families  of  these  worms  were  correlated  with 
the  phyk)genetic  and  ecological  position  of  the  organisms.  Ciliary  mechanisms 
are  generally  found  throughout  the  group,  concentrated  most  frequently  on 
the  head  and  parapodia.  Primitive  errant  types  show  undulatory  movements; 
more  advanced  sedentary  groups  have  compression-type  waves.  The  respiratory 
currents  stream  backward  in  the  lower  forms  and  forward  in  the  advanced 
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groups.  For  further  information  concerning  the  ecological  groupings  and  the 
"microstratihcation"  according  to  the  axaiiability  of  o.wgen,  Lindroth's  paper--'' 
should  be  consulted. 

Respiratory  Control  in  Molluscs.  Various  kinds  of  breathing  patterns  arc 
found  in  the  ph\lum  Mollusca  by  way  of  di\erse  adaptations  to  oxygen  pro- 
curement. In  the  freshwater  pulmonate  gastropods,  Lyiimaea,  Helicosouia, 
and  PJjysa,  the  breathing  rhythm,  as  e\'idenced  by  the  duration  of  the  inter\'al 
between  surfacings,  is  a  function  of  oxygen  need.''"'  In  water  containing 
approximately  6  cc.  Oo/l.  these  molluscs  remain  submerged  three  times  as 
long  as  in  water  with  only  2  cc.  Oo  1.  The  temperature  also  influences  sur- 
facing interval,  by  its  effect  on  activity  and  on  dissolved  oxygen.  Indi\iduals 
at  11°  C.  remain  submerged  22  times  as  long  as  those  at  21°  C. 

The  respiratory  movements  of  air-breathing  pulmonates  have  been  in- 
\'estigated, "■■■*•  -•'^'  '''^  and  factors  known  to  affect  the  \entilation  rate  are  carbon 
dioxide  excess,  oxygen  lack,  temperature,  and  humidity. •''*'  Two  respiratory 
mechanisms  are  involved  in  the  breathing  regulation  of  this  group— the  control 
of  the  pneumostome  opening  and  the  contraction  of  the  muscle  plate  con- 
tributing to  the  mantle  lung.  The  stimulating  effect  of  carbon  dioxide  in  low 
concentrations  has  been  demonstrated  in  opening  of  the  pneumostome  in 
Liviax,  Helix,  and  Arion,  and  at  a  tension  of  3-5  per  cent  COj  the  aperture 
may  remain  open.^-^  The  effect  of  oxygen  decrease  on  pneumostome  control 
is  questionable,  but  it  is  definitely  effective  in  bringing  about  the  contraction 
of  the  sides  of  the  mantle  cavity,  thereby  increasing  ventilation  movements. 
The  role  of  hydrogen  ion  activity  and  of  carbon  dioxide  increase  have  not 
been  elucidated  in  these  pulmonates,  although  in  the  common  oyster,  Ostrea 
virginica,  the  effect  of  acid,  administered  as  HCl,  is  indicated  by  increased 
water  passage  through  the  bivalve,  subserving  both  ingestion  and  ventilation. 
Oysters  exposed  for  6  hours  to  a  pH  of  6.75  to  7.0— somewhat  below  their 
normal  environmental  range  (pH  8.1)— continue  pumping  95-98  per  cent  of 
the  time,  considerably  more  than  the  normal  rate. 

The  cephalopods  have  a  highly  developed  state  of  respiratory  control  with 
a  nerve  action  analogous  to  that  of  the  Hering-Breuer  reflex  of  higher  verte- 
brates. Winterstein  studied  the  effects  of  respiratory  stimulants  on  the  ventila- 
tion of  Octopus  and  showed  that  carbon  dioxide  is  a  very  potent  factor  in 
increasing  the  frequency  and,  to  a  lesser  degree,  the  amplitude  of  breathing 
movements.'"^  The  volume  of  water  pumped  through  the  mantle  cavity  of  one 
experimental  animal  increased  from  230  to  1075  cc.  per  minute  under  the 
influence  of  carbon  dioxide.  Winterstein  emphasized  the  importance  of  hvdro- 
gen  ion  activity  rather  than  COo  as  the  effective  respiratory  stimulant.'"^ 

Breathing  Movements  in  Crustacea.  Although  body  motion,  abdominal 
flexion,  and  leg  movement  are  important  for  ventilation  in  Crustacea,  the  two 
respiratory  mechanisms  which  have  been  most  thoroughly  studied  experi- 
mentally are  scaphognathite  beat  and  pleopod  movement.  Increase  in  tempera- 
ture causes  an  increase  in  rate  and  amplitude  of  scaphognathite  beat.^'*''  As 
to  the  stimulating  effect  of  oxygen  deficiency  on  rate  of  ventilation  there  is 
general  affirmative  agreement  among  investigators,  most  of  whom  have  dealt 
with  the  European  crayfish,  Astacus  fluviatilis.  However,  there  is  consider- 
able disagreement  regarding  the  effects  of  carbon  dioxide  on  this  species. ^'^• 
197,  .314,  .323   Some  of  the  difficulty  in  determining  the  precise  effect  of  carbon 
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dioxide  may  be  due  to  its  absorption  by  the  exoskeleton,  as  pointed  out  by 
Peters,-'""^  who  found  it  is  necessary  to  coat  the  animal  with  collodion  to  get 
consistent  results;  presumably  no  harmful  effects  are  produced  by  the  sealing. 
Jordan  and  Ouittart'''"  describe  a  kind  of  Cheyne-Stokes  respiratory  pattern 
resulting  from  treatment  with  excess  CO-.  After  an  interval  of  apnea,  there 
ensues  a  period  of  discontinuous  hyperventilation,  followed  by  eupnea  despite 
continual  exposure  to  10  per  cent  carbon  dioxide.  The  evidence  indicates  a 
stimulating  action  of  CO-  in  the  crayfish,  but,  owing  both  to  its  possible  fixa- 
tion in  the  shell  and  to  its  solubility  in  sea  water,  this  stimulant  may  be  less 
effective  than  is  oxygen  lack. 

In  Eriocheir  sinensis  both  HCl  and  COo  in  mild  excess  inhibit  ventilation, 
but  in  considerable  amounts  stimulate  respiration. ^^^  After  removal  of  the 
antennal  appendages  the  respiratory  inhibition  is  lost,  suggesting  the  presence 
of  carbon  dioxide  receptors  on  the  antennae. 

The  movement  of  the  pleopods  on  several  isopod  and  amphipod  crustaceans, 
in  response  to  respiratory  stimulants,  seem  to  indicate  a  rather  pronounced 
generic  difference  in  these  forms  (Table  47).  This  may  be  correlated  in  some 
way  with  habitat;  the  terrestrial  Ligia,  for  example,  responds  neither  to  CO2 
excess  nor  to  Oo  reduction,  but  does  show  a  slowing  of  pleopod  rhythm  when 
the  oxygen  tension  is  increased. ^^"^ 

Breathing  in  Insects.  These  organisms  have  received  the  major  share  of 
attention  in  studies  of  invertebrate  respiration,  largely  because  of  their  econom- 
ic value  but  also  because  of  the  interest  in  their  unique  breathing  mechanism. 
A  number  of  excellent  reviews  are  available  for  consultation  of  the  very  ex- 
tensive literature  in  this  field  dating  as  far  back  as  Vauquelin's  stimulating 
work  on  the  Orthoptera  in  1792.^'^'  30«.  366,  368 

Briefly,  two  kinds  of  movement  may  be  distinguished:  rhythmic  pumping 
motions  which  involve  the  abdomen  and  part  of  the  thorax,  and  occasional 
opening  and  closing  of  the  spiracles.  Expiration  is  an  active  process;  inspiration 
is  either  active  or  passive.  All  these  movements  are  coordinated  by  respiratory 
centers— "primary"  segmental  centers  and  "secondary"  higher-order  centers  in 
the  prothorax.-^-'^^'  ^'^^  A  complete  elaboration  of  orthopteran  respiration  was 
presented  by  Lee,----  --■'  who  clearly  demonstrated  the  direction  of  air  flow 

and  the  correlation  of  ventilation  movements  with  spiracular  patency  and 
occlusion.  Further  ingenious  experiments  on  grasshoppers  by  McCutcheon 
have  shown  the  presence  not  only  of  an  inspiratory  and  an  expiratory  phase, 
but  of  a  compressatory  phase  as  well,  a  relatively  long  interval  during  which 
intratracheal  pressures  may  increase  from  2  to  30  mm.  Hg  above  ambient 
pressure.-^'"^  In  the  grasshopper  the  anterior  spiracles  (the  two  pairs  of  thoracic 
and  the  first  two  pairs  of  abdominal)  are  inspiratory,  while  the  posterior 
(abdominal)  apertures  are  expiratory.  Valvular  mechanisms  direct  the  flow, 
and  central  reflexes  control  the  synchronization  of  movement.  In  abnormal 
cases,  e.g.,  in  blockage  of  the  anterior  spiracles,  air  both  enters  and  leaves  by 
way  of  the  abdominal  tracheae.  Owing  to  loss  of  vital  water  through  open 
tracheae,  the  normal  preferred  condition  of  the  spiracles  is  a  closed  one. 
1  lowcver,  to  permit  gas  exchange  the  spiracles  must  either  remain  partially 
open,  as  in  the  flea,  or  open  and  close  alternately,  as  in  the  grasshopper.  That 
this  pattern  of  directional  air  flow  as  described  for  the  grasshopper  is  only  one 
of  many  is  emphasized  by  the  gas  exchange  in  the  larval  dytiscid,  Cyhister, 
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which  in  water  inspires  through  the  last  pair  of  spiracles  and  expires  through 
all  the  lateral  apertures,  but  in  air,  inspires  and  expires  through  the  lateral 
spiracles. 

Ingenious  experiments  have  been  devised  to  show  the  amount  ot  air  which 
can  pass  through  the  tracheal  system.  The  locustid,  Chortophaga  viridifasciata, 
circulates  on  the  average  0.222  cc./gm./min.  at  28°  C.-"'"  The  vital  capacity 
of  insects  is  known  to  be  generally  high,  60  cu.  mm./gm.  animal  weight  in 
Dytisctis.-'^*'  In  exceptional  experimental  conditions  the  air  flow  may  be 
reversed,  passing  in  through  the  posterior  spiracles  and  leaving  through  the 
anterior  ones.-"'" 

Coordination  of  the  insect  respiratory  movements  lies  in  segmental  nerve 
centers,  responsible  for  the  ventilation  pattern  in  each  segment.  They  in  turn 
receive  impulses  from  central  coordinating  thoracic  centers,  which  are  usually 
more  sensitive  to  respiratory  stimulation  from  carbon  dioxide  excess  and  oxygen 
lack.  Rhythmic  potentials  corresponding  to  the  breathing  cycle  have  been 
recorded  in  ganglia  isolated  from  the  water  beetle  and  cockroach.'-  -^^  In  the 
dragonfly,  Aeschna,  only  the  secondary  (thoracic)  centers  are  very  easily 
stimulated  by  low  oxygen  and  high  carbon  dioxide  tension,  but  in  the  stick 
insect,  Dixippiis,  both  types  of  centers  respond  to  these  stimulants.''-^'''  It  is  well 
known  that  isolated  abdominal  segments  and  decapitated  insects  may  display 
respiratory  movements  for  considerable  time.  There  is  general  agreement  that 
both  carbon  dioxide  increase  and  oxygen  want  stimulate  ventilation  move- 
ments in  insects  (Table  47).    McGovran--"'*'  has  increased  air  flow  through 


TABLE  47.  RESPIRATORY  RESPONSE  TO  O.  WANT  AND  CO.  INCREASE 

+  =positive  stimulation.     —  =::no  effect.     (      )  ^questionable  effect. 


Type  of  Respiratory 

CO. 

Animal 

Movement 

0,  Want 

Increase 

ANNELIDA 

Tnhifex  rivuloruni  (oligochaete)^ 

tail  undulation 

+ 

— 

Limnodrihis  hof[tneisteri  (oligochaete)'' 

"             " 

+ 

— 

Arenicola  marina  (polychaete)'^"' 

water  pumping 

+ 

+ 

Nereis  virens  (polychaete)'" 

"             " 

+ 

(  +  ) 

MOLLUSCA 

Avion  ater  (pulmonate)'*^'  ■^ 

spiracle  (CO2)  and  lung 
wall  (O.) 

(  +  ) 

+ 

Limax  (pulmonate)""'  ^^ 

spiracle  (COO  and  lung 
wall  (O.) 

(  +  ) 

+ 

Helix  (pulmonate)'^-  '^^ 

spiracle  (CO2)  and  lung 
wall  (OO 

(  +  ) 

+ 

Helix  (pulmonate)"" 

spiracle  (COO  and  lung 
wall  (OO 

+ 

+ 

Limnaea  stagnalis  (pulmonate)""'"' 

spiracle  (COO  and  nega- 
tive geotaxis  (O-) 

+ 

+ 

Octopus  (cephalopod)^" 

ventilation  movement 

+ 

+ 

CRL7STACEA 

Branchipus  (phyllopod)'* 

limb  movements 

+ 

+ 

Balavms  halanoides  (barnacle)"' 

movement  of  terga  and 
acuta 

Cheirocephalus  diaphaniis 

limb  movement 

— 

— 

(phyllopod)"* 

Astacus  ftuviatilis  (crayfish)"'^ 

scaphognathite  movement 

+ 

+ 
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TABLE  47  (continued). 

RESPIRATORY  RESPONSE  TO  O.  WANT  AND  CO.  INCREASE 
+  =positive  stimulation.     —  =no  effect.     (      )  z^guestionable  effect. 


Animal 


Homarus  vulgaris  (lobster)'^ 
Gammariis  pulex  (amphipod)^" 
Gammarus  locusta  (amphipod)^ 
Pandalus  borealis  (prawn)^"' 
Eriocheir  sinensis  (decapod)^"^ 

Carcinus  maenas  (shore  crab)"'" 
Asellus  aquaticus  (isopod)"* 
Ligifl  Oceania  (isopod)"' 


Cirolana  horealis  (isopod)^''" 
Idotea  neglecta  (isopod)"'^ 
Anilocra  physodes  (isopod)"^ 
Nerocila  bivittata  (isopod)^"^ 
Squilla  mantis  (stomatopod)"° 
INSECTA 

Periplaneta  americana  (cockroach)^"" 
Corixa  geojfroyi  (aquatic  insect)" 
Dixippus  (stick  insect)^'  "* 
Dixippus  morosus  (stick  insect)^ 

Aeschna  grandis  (dragonfly  nymph)'' 

Dytiscus  (water  beetle)* 

Chortophaga  (grasshopper)'^ 

Dissosteira  (grasshopper)^ 

Arphia  (grasshopper)"'* 

Xeropsylla  chepis  (flea)^"' 

Melolontha  (beetle)"' 
ARACHNOIDEA 

Spider"' 
TUNICATA 

Salpa  sp.  (tunicate)"" 
OSTEICHTHYES 

Perca  fluviatilis  (perch )^** 

Perca  (perch)^' 

Phoxinus  laevis  (minnow)'*' 

Leuciscus  (fish)™" 

Carassius  (goldfish )""' 


AMPHIBIA 
Rana  CiiogT' 
Rana  esculenta  (frog)^ 
Rana  temporaria  (frog)**' 
Hyla  arhorea  (tree  frog)^^' 
Bufo  marinus  (toad)^"* 

REPTILIA 

Emys  orbicularis  (turtle)*^ 
Chelodina  longicollis  (turtle)^ 
Tropidonotus  natrix  (snake)^ 


Movement 
Type  of  Respiratory 


O.  Want 


Increase 
CO. 


pleopod  movement 
pleopod  movement 
scaphognathite  movement 


pleopod  movement 

(at  O2  tensions  above 
normal  the  beat  slows,) 
pleopod  movement 


+ 
+ 
+ 
+ 
+ 


+ 


+ 
+ 


+ 


+ 

+ 

+ 

+ 
+  (in 
excess) 


+ 
+ 


+ 


+ 

+ 

leg  movements 

(-) 

+ 

ventilation  movements 

+ 

+ 

ventilation  movements 

+ 

+ 

(pumping) 

" 

+ 

+ 

ventilation  movements 

? 

+ 

"                  " 

} 

+ 

" 

•? 

+ 

spiracular  opening 

+ 

+ 

ventilation  movements 

+ 

+ 

spiracle  opening 

(-) 

+ 

ventilation  movements 

+ 

+ 

ventilation  movement 

-> 

+ 

" 

+ 

+ 

"                  " 

} 

+ 

"                  " 

+ 

+ 

ventilation  movement 

+ 

+ 

(CO.) 

gulping  movements  (Os) 

ventilation  movement 

+ 

+ 

"                  " 

+ 

+ 

"                  " 

+ 

+ 

"                  " 

+ 

+ 

"                  " 

+ 

? 

., 

+ 

+ 

"                 " 

+ 

+ 

"                  " 

+ 

+ 
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TABLE  47  (continued). 

RESPIRATORY  RESPONSE  TO  O.  WANT  AND  CO,  INCREASE 

+  =;positive  stimulation.     —  =no  effect.     (      )  =questionable  effect. 


Type  of  Respiratory 

CO. 

Animal 

Movement 

O.  Want 

Increase 

Lacerta  viridis  (lizard)'" 

» 

+ 

+ 

Ophisaurus  apus  (lizard)"' 

"                   " 

+ 

+ 

Anguis  fragilis  (lizard)'*^' 

"                   " 

+ 

+ 

Alligator  mississippiensis  (alligator)'"""'^ 

"                   " 

+ 

+ 

AVES 

Anasboscas  (mallard  duck)'™ 

ventilation  movement 

(  +  ) 

+ 

Passer  domesticus  (English  sparrow)'"'' 

"                  " 

C+) 

+ 

Sturniis  vulgaris  (starling)"" 

"                  " 

(+) 

+ 

Columba  livia  domestica  (pigeon)""^ 

(+) 

+ 

Chortophaga  by  adding  carbon  dioxide  to  the  inspired  air.  In  conclusion,  the 
breathing  movements  of  insects  and  of  spiders  as  welP"'^  respond  to  the  action 
of  carbon  dioxide  and  oxygen  on  the  respiratory  centers  in  the  same  general 
way  as  do  the  breathing  movements  of  higher  vertebrates. 

A  further  type  of  respiratory  control  can  be  evoked  in  tracheal  organisms 
by  action  of  respiratory  stimulants  on  the  cells  regulating  the  size  of  the  aper- 
ture of  the  tracheal  ending.  These  effects  have  been  extensively  investigated 
in  the  common  flea.^^^-  •^*'**  Tracheal  pulsation  is  accelerated  by  oxygen  defi- 
ciency and  carbon  dioxide  increase,  as  well  as  by  temperature  elevation  in  the 
region  of  the  spiracle.  The  effect  of  carbon  dioxide  and  oxygen  has  been 
investigated  in  a  number  of  "ventilation  control"  insects.  The  opening  of  the 
spiracle  in  response  to  carbon  dioxide  in  the  cockroach,  Periplaneta,  is  almost 
instantaneous  and  occurs  at  much  lower  concentrations  (2-3  per  cent)  of  the 
gas  than  are  necessary  to  stimulate  breathing  movements  of  the  abdomen  (10 
per  cent).^-^^  Exactly  what  the  nature  of  the  spiracle  reaction  to  the  respiratory 
stimulant  might  be  is  subject  to  further  investigation  and  interpretation. 
Wigglesworth,  on  the  basis  of  his  own  extensive  investigations  and  those  of 
other  workers,  concludes  that  the  action  of  carbon  dioxide  is  mainly  through 
the  acidity  produced  in  the  tissue  fluid,  in  other  words  a  hydrogen  ion  effect. ^^^ 

In  this  survey  of  the  respiratory  control  among  invertebrates  and  verte- 
brates, the  importance  of  carbon  dioxide  excess  and  oxygen  want  is  apparent. 
Many  of  the  findings  have  been  summarized  in  Table  47,  which  designates 
the  type  of  respiratory  movement,  along  with  the  response  to  the  respiratory 
gases.  In  practically  all  cases  in  which  carbon  dioxide  increase  is  a  stimulating 
factor,  so  also  is  oxygen  want;  oxygen  deficiency  in  lower  (aquatic)  animals 
appears  to  be  either  the  only  respiratory  stimulant  or,  if  carbon  dioxide  also 
acts,  then  the  more  fundamental  one.  This  implies  the  absence  of  carbon 
dioxide-sensitive  respiratory  centers  in  primitive  forms  and  correlates  with  the 
fact  that  carbon  dioxide  would  tend  not  to  build  up  to  such  a  considerable 
concentration  in  aquatic  forms  as  a  result  of  its  diffusion  through  the  body 
surface  and  away  from  the  organism.  Conversely,  in  higher  (generally  ter- 
restrial) animals,  carbon  dioxide  tends  to  play  a  more  important  role  as  a 
respiratory  stimulant  and  by  its  action  on  the  highly  sensitive  respiratory 
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centers  in  low  concentration  becomes  the  predominant  and  delicate  controlling 
factor  in  the  respiratory  pattern  of  the  organism,  relegating  the  factor  of  oxygen 
want  to  a  minor  role  except  in  anoxic  and  emergency  conditions. 

METABOLIC  ADAPTATIONS 

Oxygen  Requirements  and  Energy  Conversion.  The  significance  of  oxygen 
rests  on  its  importance  as  the  ultimate  oxidizing  agent  in  the  manifold  series 
of  energy-releasing  metabolic  processes  in  the  organism.  As  such  its  utilization 
is  a  direct  measure  of  the  degree  of  activity,  food  conversion,  heat  production, 
and  protoplasmic  reorganization  occurring  within  the  cells  and  tissues— a 
function  of  those  processes  dependent  on  or  indicated  by  free  energy  release. 
To  deny  organisms  oxygen,  however,  is  not  necessarily  to  deprive  them  of 
the  means  of  survival.  Fortunately  there  are  other  energy-yielding  reactions 
which  do  not  depend  on  atmospheric  oxygen— in  anaerobic  environments  in 
which  free  oxygen  is  not  a  characteristic  component.  These  metabolic  adapta- 
tions bear  an  important  and  universal  place  in  the  oxidative  economy  of  organ- 
isms and  permit  life  under  conditions  of  little  or  no  oxygen,  either  temporarily 
or  for  indefinite  periods  of  time. 

Oxidation  which  depends  on  the  combination  of  substrate  with  atmospheric 
oxygen,  forming  carbon  dioxide  and  water,  is  but  one  of  many  processes  in- 
volving redox  energy  shifts.  Oxidation  may,  for  example,  be  just  as  truly  a 
process  of  dehydrogenation  or  electron  loss  as  one  consisting  of  the  addition  of 
oxygen.  For  reviews  of  the  increasing  tide  of  oxidation-reduction  literature  a 
number  of  important  contributions  are  available.^--  ^^'  ^•^^'  ^^'■^'  ^""  The  break- 
down of  food  substances,  the  release  of  pent-up  energy,  and  the  electronic 
shifts  characteristic  of  particular  oxidation-reduction  systems  may  occur  in  the 
presence  of  specific  substrates  and  enzymes  and  often  in  the  absence  of  oxygen. 
These  anaerobic  reactions  may  be  of  temporary  and  topical  occurrence,  as 
muscle  glycolysis,  on  which  contraction  depends,  and  which  in  severe  exercise 
or  during  submergence  of  diving  mammals  is  accompanied  by  pronounced 
oxygen  debt.  Or  they  may  be  more  permanently  anaerobic  and  non-localized 
processes  affecting  the  entire  animal,  as,  for  example,  in  an  oxygen-deprived 
nematode  worm,  which  has  yielded  the  advantages  of  an  oxygen  environment 
in  favor  of  endoparasitic  anaerobiosis. 

Glycolysis.  Oxygen  requirements  and  energy  yields  from  various  types  of 
organic  food  have  been  cited  previously  (p.  237).  The  steps  of  degradation 
of  these  substrates  in  the  animal  are  important  phases  in  intermediary  metab- 
olism, of  which  carbohydrate  breakdown  is  probably  the  most  common  and 
certainly  the  best  known.  Glycolysis,  the  catabolism  of  glycogen  to  lactic  acid, 
occurs  under  both  anaerobic  and  aerobic  conditions;  glycolysis  under  aerobic 
conditions  makes  available  more  energy  for  the  amount  of  carbohydrate 
utilized,  and  may  thus  be  considered  more  efficient.'^''  Calculated  on  a  basis 
of  energy  made  available  to  the  system  per  mol  of  hexose  sugar  utilized,  the 
relative  elHciencies  of  the  various  processes'-  are  as  follows: 

oxidation  CoH^O,,  +   6  O.  -^  6  CO.   +     6   H,0  +   686  kcal./mol 

Icrmcntation  C„M,.0„  ->  2  CIH.-.CH.OH   +   2  CO.  +      50  kcal./mol 

glycolysis         C0H..O,;  ->  2  CH:,CHCOH)COOH   +     36  kcal./mol 
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The  oxidation  of  lactic  acid  to  carbon  dioxide  and  water  occurs  only  in  the 
presence  oii  free  oxygen.  Thus  the  process  of  anaerobic  glycolysis  proceeds  as 
far  as  the  formation  of  lactic  acid,  and  this  substance  is  the  common  accumu- 
lation product  of  anaerobiosis,  piling  up  in  the  tissues  and  flooding  the  blood 
stream  during  excessive  activity,  incurring  an  oxygen  debt,  and  awaiting  an 
adequate  return  of  oxygen  to  balance  the  oxidation  budget. 

Glycogen  as  an  energy  source  is  common  among  invertebrates,  according 
to  determinations  made  by  direct  analysis  and  measurement  of  the  R.Q.  Some 
tapeworms  consist  of  as  much  as  60  per  cent  dry  weight  of  glycogen;  when 
raised  in  a  glucose-free  medium  these  worms  may  undergo  a  decrease  in  glyco- 
gen to  6  per  cent  of  the  original  level.'^'^''  Nematodes  can  synthesize  glycogen 
if  glucose  is  present  in  the  culture  medium.  In  some  free-living  planarians 
seasonal  changes  occur  in  glycogen  content  with  a  minimum  in  summer,  cor- 
responding to  a  reduced  carbohydrate  metabolism.  Free-living  and  parasitic 
forms  alike  undergo  considerable  anaerobic  glycolysis,  with  a  tendency  natural- 
ly for  extreme  anaerobic  adaptation  in  the  endoparasitic  animals.^^''  Indeed, 
moderate  oxygen  tensions  are  claimed  to  be  poisonous  to  some  anaerobes. 

The  over-all  pattern  of  anaerobic  glycolysis  is  a  complex  system  of  reactions 
in  which  phosphorylated  esters  are  formed  under  enzymatic  control  with 
energy  shifts  of  relatively  high  levels,  brought  about  through  phosphate  high- 
energy  double  bonds.-'^"'  -•"'  •^•'^  Although  certain  exceptional  cases  have  been 
cited,-^°  the  work  at  present  indicates  remarkable  consistency  and  uniformity 
in  the  pathway  of  glycolysis  (Fig.  62).i-'  ''^  Phosphorylation  appears  to  be 
mandatory  for  glycogen  breakdown.  It  may  be  noted  that  all  of  these  reactions 
are  theoretically  reversible,  but  ordinarily  move  in  the  direction  of  degradation. 
The  important  thermodynamic  aspects  of  this  series  of  reactions  involve  the 
transfer  of  energy  through  the  adenosine  triphosphate  (ATP)  system  between 
steps  four  and  five,  the  conversion  of  fructose-6-phosphate  to  fructose- 1,6- 
diphosphate,  and  the  liberation  of  energy  in  the  oxidation  of  the  glyceralde- 
hyde  diphosphate  to  diphosphoglyceric  acid. 

The  conversion  of  pyruvic  acid  may  be  through  a  number  of  alternate 
routes:  reduction  to  lactic  acid,  decarboxylation,  or  oxidation  by  way  of  the 
famihar  tricarboxylic  acid  cycle  (Fig.  63).  The  latter  oxidative  transfer  system 
was  established  in  vitro  by  Krebs  and  his  co-workers,-""  and  involves  the  suc- 
cinate-fumarate-malate-oxaloacetate  dehydrogenase  systems.  Pennoit-de  Coo- 
man^^*^  demonstrated  in  the  cestode,  Cysticerctis  pisifonnis,  the  presence  of 
succinase,  fumarase,  and  lactic  acid  and  acetic  acid  dehydrogenases. 

This  much  detail  has  been  considered  in  relation  to  glycolysis,  inasmuch  as 
glycogen  is  present  in  considerable  quantities  in  practically  all  organisms  and 
is  the  most  readily  mobilizable,  and  conveniently  stored,  source  of  energy. 
Simpler  carbohydrates,  glucose  and  fructose,  for  example,  are  readily  avail- 
able for  glycolysis,  but  generally  are  not  stored  in  sizable  quantities. 

Carbohydrate  Conversion.  An  effective  metabolic  adaptation  which  makes 
possible  energy  stores  at  an  oxygen  saving  is  the  well  established  conversion 
of  carbohydrate  to  fat.  The  synthesis  of  fat  from  partially  non-lipoidal  sources 
has  been  experimentally  demonstrated,  utilizing  deuterium  as  a  tracer,  feed- 
ing it  to  mice  in  drinking  water. •^'•'*  Organisms  on  lipoid-free  diets  may  synthe- 
size fat,  and  the  "hardening"  of  fats  of  livestock  by  feeding  carbohydrate  and 
protein  illustrates  the  conversion  that  must  take  place.   The  general  saving  in 
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Pathway  of  Glycolysis 

GLYCOGEN  +  INORGANIC  PHOSPHATE 

(phosphorylase) 
GLUCOSE-1-PHOSPHATE 

(phosphoglucomutase) 
GLUCOSE-6-PHOSPHATE 

(oxoisomerase) 
FRUCTOFURANOSE-6-PHOSPHATE 

(phosphohexokinase) 
FRUCTOFURANOSE-1 :6-DIPHOSPHATE 

(zymohexase) 
3-PHOSPHOGLYCERALDEHYDE 

(?) 
1 :3-GLYCERALDEHYDE  DIPHOSPHATE 

(triosephosphate  dehydrogenase) 
1 :3-DIPHOSPHOGLYCERIC  ACID 

(phosphokinase) 
3-PHOSPHOGLYCERIC  ACID 

(  phosphogly  ceromu  ta  se  ) 
2-PHOSPHOGLYCERIC  ACID 

(enolase) 
2-PHOSPHOPYRUVIC  ACID 

(phosphokinase) 
PYRUVIC  ACID 


Fig.  62.  Pathway  of  glycolysis  involving  the  phosphorylation  of  hexose  and  transfer 
of  energy  through  the  energy-rich  phosphate  bonds.  All  these  reactions  can  occur  under 
anaerobic  conditions.  From  Baldwin." 
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2  CARBON  INTERMEDIATE 
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Fig.  63.    The  tricarboxylic  acid  cycle  involving  the  oxidation  of  pyruvic  acid.    From 
Gortner,  R.  A.,  Outlines  of  Biochemistry  (1949).  New  York,  Wiley. 


oxygen  in  this  conversion  is  derived  from  the  relatively  high  oxygen  content 
of  carbohydrate  compared  with  that  of  fat.  This  is  further  manifested  in  the 
R.Q.  values.  The  mechanism  of  carbohydrate  conversion  into  fat  is  still  not 
clear,  but  such  conversion  probably  takes  place  mainly  in  the  liver  and  involves 
some  kind  of  phosphorylation  of  carbohydrate  comparable  to  that  involved  in 
glycolysis.~^^ 

Anaerobiosis.  Relative  anaerobiosis  is  not  to  be  considered  an  extraordi- 
nary metabolic  process.  Indeed,  it  is  the  unique  animal  which  is  incapable  of 
some  form  of  anaerobic  metabolism,  although  this  may  be  prescribed  by  an 
oxygen-deHcient  environment  rather  than  an  oxygen-free  one.  The  survival 
period  and  recovery  time  for  aerobes  placed  under  conditions  of  enforced 
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anaerobiosis  vary,  of  course,  from  individual  to  individual.  The  larva  of  the 
helminth,  Eiistrongylides,  for  example,  can  tolerate  anaerobiosis  for  18  hours 
and  then  recover  locomotion  in  30  minutes.  Some  worms,  molluscs,  and  crusta- 
ceans can  survive  anaerobic  conditions  for  periods  exceeding  three  months."*" 
Generally  speaking,  terrestrial  organisms  are  less  resistant  to  anaerobiosis  than 
are  aquatic  forms.  Insects,  particularly  adults,  are  sensitive  to  oxygen  deficiency. 
Likevi'ise,  the  recovery  times  of  insects  are  relatively  long.  An  important  factor 
in  the  survival  time  is  always  the  degree  of  activity  of  the  organism  in  ques- 
tion.^"** The  ability  of  certain  organisms  to  survive  complete  oxygen  lack- 
true  anaerobiosis— is  rather  rarely  encountered.  An  even  rarer  occurrence  pre- 
vails when  organisms  are  injured  by  the  addition  of  oxygen.'^  We  find,  then, 
animals  exhibiting  all  degrees  of  oxygen-deficient  metabolism,  ranging  from 
(1)  those  anaerobes  which  find  oxygen  harmful  (e.g.,  intestinal  ciliates  of 
termites);  (2)  those  which  usually  live  in  an  oxygen-free  or  practically  oxygen- 
free  environment  but  can  utilize  oxygen  if  it  is  supplied  (e.g.,  tapeworms); 
(3)  those  which  ordinarily  use  oxygen  but  may  get  along  for  a  while  in  an 
environment  devoid  of  oxygen  (e.g.,  frog);  to  (4)  those  which  may  be  con- 
sidered essentially  aerobic  and  depend  on  oxygen  (e.g.,  man),  but  in  which 
anaerobic  processes  such  as  muscle  glycolysis  occur,  and,  during  exercise, 
an  oxygen  debt  is  contracted.  Anaerobic  muscle  metabolism  is  particularly 
pronounced  in  the  diving  birds  and  mammals  (see  above). 

It  is  worth  noting  that  under  experimental  conditions  many  animals,  in- 
vertebrates particularly,  may  be  shifted  in  favor  of  or  against  an  oxygen-poor 
environment,  causing  some  organisms  to  become  more,  and  others  less,  an- 
aerobic than  is  their  tendency  in  nature.  Such  experimental  modification  is 
not  without  significance  in  consideration  of  the  variations  in  data  that  have 
been  reported  by  some  investigators  for  low  oxygen  consumers.  For  conven- 
ience as  well  as  for  accuracy,  experimental  anaerobiosis  should  be  clearly 
distinguished  from  natural  anaerobiosis.  Anaerobic  demonstrations  under 
experimental  conditions  in  the  frog,-^*  cockroach, •^-^'  '-^-^  earthworm, ^^-"  Para- 
mecium,'^'^'-^  Planaria  and  Tenehrio^'^''  are  all  valid  cases  of  the  adaptive 
ability  of  animals  to  withstand  oxygen  lack  for  various  periods  of  time,  gener- 
ally by  way  of  reducing  metabolism  and  enduring  considerable  oxygen  debt. 
They  tell  us,  however,  little  else,  and  it  is  unlikely  that  oxygen-free  conditions 
in  nature  are  confronted  by  any  of  these  animals. 

The  oxidative  accomplishment  by  which  true  anaerobiosis  is  attained  in 
endoparasitic  ascarid  worms,  for  instance,  rests  on  two  factors:  the  dependence 
on  anaerobic  glycolysis,  which,  although  not  a  high  energy-yielding  process, 
nevertheless  is  adequate  for  their  needs,  and  further,  the  unusual  tolerance  to 
acid  metabolites,  as  lactic,  valeric,  caproic,  butyric,  and  propionic  acids,  which 
accumulate  to  a  considerably  degree  prior  to  excretion,  rather  than  being 
oxidized,  as  would  occur  if  oxygen  were  present.'-'^-  -^^'  "^''"'  "^'^^ 

The  fact  that  greater  amounts  of  glycogen  may  be  consumed  under  anaero- 
bic conditions  than  during  aerobiosis  was  shown  by  the  work  of  von  Brand""* 
on  Spirographis  and  Halla,  and  of  Dausend'*'"'  on  Tubifex.  Concerning  the 
importance  of  fat  and  protein  as  energy  sources  under  anaerobic  conditions, 
von  Brand  regards  fat  as  of  little  consequence  but  suggests  that  in  Hirndo  and 
Ascaris  protein  catabolism  may  play  a  significant  role. 

The  utilization  of  oxygen  when  supplied  to  normal  anaerobes  has  presented 
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a  good  deal  of  conflicting  data.  Many  obligatory  anaerobes  are  harmed  by  high 
oxygen  tensions,  as  in  the  classic  defaunation  experiments  on  termites^''  ^-^  It 
has  been  claimed  that  the  period  of  survival  of  Ascaris  megalocephala  in  cul- 
ture is  shortened  by  increased  oxygen. ''^'^  Most  ascarids  and  tapeworms  utilize 
oxygen  whenever  it  is  made  available,  thereby  actually  increasing  metabolic 
efficiency.-'^-  «»•  -'i' 

Elimination  of  carbon  dioxide  occurs  during  anaerobiosis,^^''  -**^'  ^^^  but 
how  much  of  this  actually  represents  a  production  of  carbon  dioxide  and  how 
much  represents  its  release  by  the  acid  metabolites  formed  is  still  subject  to 
further  experimentation  and  interpretation.  Certainly  much  of  the  carbon 
dioxide,  having  already  been  formed  prior  to  the  experimental  anaerobiosis, 
is  merely  released  from  the  tissues.  The  carbon  dioxide  recovered  post-anaero- 
bically  from  Termopsis  is  less  than  would  be  expected  in  oxygen  debt  payment 
and  may  represent  a  shift  in  alkali  reserve  necessary  to  buffer  the  large  amounts 
of  acid  metabolites  produced.  An  interesting  buffer  safeguard  against  these 
acids  is  found  in  bivalve  molluscs,  which  utilize  calcium  carbonate  from  the 
shell  during  long  periods  of  anaerobiosis.^''^' 

Anaerobiosis  among  invertebrates  has  been  extensively  surveyed  by  von 
Brand  in  a  monograph  based  largely  on  his  own  investigations."*''  Under  experi- 
mental conditions  certain  organisms  from  all  major  invertebrate  groups  can 
survive  oxygen  lack  or  its  near  depletion.  The  relative  resistance  to  anaerobio- 
sis may  vary  with  activity,  nutrition,  size,  and  stage  in  the  life  cycle,  eggs  and 
cysts,  for  example,  being  considerably  more  tolerant  to  oxygen  lack  than  free- 
living  adult  stages. 

True  anaerobiosis  is  not  uncommon  among  Protozoa,  although  it  is  not  easy 
to  rule  out  the  possibility  of  last  traces  of  oxygen.  The  resistance  to  anaerobio- 
sis among  Protozoa  is  known  to  be  greater  under  natural  conditions  than  under 
experimental  oxygen  lack,  possibly  owing  to  the  gradualness  with  which  the 
organisms  in  nature  become  subjected  to  anaerobiosis,  thus  allowing  for  a 
certain  degree  of  adaptation  not  seen  in  the  laboratory. 

All  degrees  of  oxygen  tolerance  are  found  among  the  intestinal  worms— 
ascarids  and  tapeworms— depending  on  the  worm  in  question  and  on  the 
particular  site  of  its  location  in  the  intestinal  tract.  According  to  von  Brand^^ 
"the  old  controversy  'aerobiosis  or  anaerobiosis,'  with  respect  to  intestinal 
worms,  should  be  abandoned,  and  ...  it  should  be  recognized  that  one  animal 
may,  depending  on  its  organization,  live  a  predominantly  anaerobic  life  in  the 
same  surroundings  in  which  another  worm  is  capable  of  leading  a  chiefly 
aerobic  life." 

Among  the  molluscs  the  lamellibranchs  show  the  greatest  anaerobic  adapta- 
bility, cephalopods  the  least.  Anaerobiosis  among  lamellibranchs  must  be  of 
considerable  importance  to  those  marine  forms  which  live  in  the  tidal  zone  and 
are  unable  to  obtain  oxygen  during  intervals  of  low  tide. 

Anaerobic  conditions  have  been  demonstrated  in  many  crustaceans,  in- 
cluding copepods,  cladocerans,  ostracods,  and  cirripidians,  as  well  as  in  certain 
insect  larvae. 

In  conclusion,  anaerobiosis  as  a  physiological  adaptation  seems  to  have 
developed  in  a  number  of  forms,  and  is  particularly  refined  to  permit  certain 
organisms  to  survive  conditions  of  oxygen  want  as  endoparasites.  The  pre- 
vailing anaerobic  glycolysis  throughout  the  animal  kingdom  already  had  pro- 
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vided  these  forms  with  an  energy-yielding  mechanism,  and  it  was  only 
necessary  to  develop  an  increased  tolerance  to  the  acid  metabolites  produced, 
and  a  way  of  excreting  them.  Whereas  aerobes  ordinarily  convert  the  lactic 
acid  back  into  glycogen  or  oxidize  it  to  carbon  dioxide  (and  thereby  form  an 
oxygen  debt  when  subjected  to  a  nitrogen  atmosphere),  anaerobes  eliminate 
the  lactic  acid  and  its  metabolic  counterparts  (and  contract  no  oxygen  debt). 
The  reduction  in  metabolic  activity  also  operates  in  behalf  of  anaerobes,  but 
apparently  this  presents  no  hardship  to  organisms  designed  to  live  as  endo- 
parasites.  There  seems  little  evidence  in  the  work  performed  so  far  to  indicate 
that  anaerobic  mechanisms  phylogenetically  preceded  aerobic  ones.  Until 
more  information  is  available,  we  may  assume  they  both  arose  early  and  per- 
haps have  developed  together  in  a  parallel  manner. 

Oxygen  Debt.  The  concept  and  measurement  of  the  oxygen  debt  has  been 
applied  to  both  vertebrates  and  invertebrates.  The  debt  arises  during  periods 
of  activity  when  the  oxygen  supply  cannot  keep  pace  with  the  demand,  yet 
the  metabolic  processes  continue,  building  up  lactic  acid  and  other  breakdown 
products  which  are  oxidized  when  sufficient  oxygen  becomes  available.  The 
amount  of  accumulated  lactic  acid  is  proportional  to  the  oxygen  debt.  In  man 
severe  exercise  may  result  in  a  debt  of  10  liters  or  more  of  oxygen,  requiring 
at  least  an  hour  for  complete  removal  of  excess  lactic  acid. 

Invertebrates  may  be  grouped  according  to  two  main  types  of  reaction  to 
temporary  oxygen  deficiency:  (1)  contraction  of  an  oxygen  debt— similar  to 
the  situation  in  the  vertebrates,  or  (2)  elimination  of  acid  waste  products 
without  benefit  of  complete  oxidation— characteristic  of  anaerobes— thereby 
avoiding  oxygen  indebtedness.  Among  the  former  group  may  be  noted  the 
earthworm,^-'-*  cockroach, -^-^  grasshopper,-^^  Planaria,-'-^^'  and  Planorhis,'^'^  all  of 
which  repay  the  oxygen  debt  formed  under  partially  anaerobic  conditions,  and 
Mya,  which,  interestingly,  after  low  tide  utilizes  increased  quantities  of  oxy- 
gen.**^ On  the  other  hand,  true  anaerobes  eliminate  lactic  and  fatty  acid 
metabolites  without  requiring  any  oxygen  from  outside  sources.  Nereis^^^  and 
Urechis^^'-  react  this  way.  Some  organisms  characteristically  develop  only  a 
small  oxygen  debt  and  repay  it  within  a  very  short  period  of  time,  e.g., 
Ascaris,^^'''  Drosophila,^*  and  Chironomus.^^°  The  oxygen  debt  of  Chironomus 
calculates  to  about  0.5  per  cent  of  what  the  value  of  oxygen  consumed  would 
be  if  aerobic  had  replaced  anaerobic  conditions.  One  assumes  the  end-products 
are  otherwise  eliminated.  The  small  magnitude  of  the  oxygen  debt  of  Droso- 
phila  in  flight  is  of  interest— 0.18  cu.  mm./individual.  It  is  paid  off  within  two 
minutes  after  the  cessation  of  activity. ^^ 

Respiratory  Quotient.  A  quantitative  determination  of  the  metabolic 
activity  of  organisms  may  be  obtained  from  a  measurement  either  of  the 
amount  of  oxygen  consumed  or  of  the  quantity  of  carbon  dioxide  produced. 
By  comparison  of  the  two— the  ratio  of  volume  of  carbon  dioxide  to  volume  of 
oxygen,  the  respiratory  quotient  (R.Q.)— an  estimation  can  be  made  of  the 
types  of  food  materials  oxidized.  Definite  R.Q.  values  are  recognized  for  the 
main  types  of  organic  food;-^^-  •'°"-  ^^-  the  R.Q.  value  of  pure  carbohydrate 
(e.g.,  sucrose)  is  1.00,  of  fat,  0.71,  and  of  protein,  about  0.79.  For  the  calcula- 
tion and  interpretation  of  these  values  the  protein  fraction  may  be  determined 
by  means  of  urinary  nitrogen.  On  an  average  mixed  diet,  man  has  an  R.Q.  of 
approximately  0.8  to  0.85.  Herbivores  naturally  tend  to  have  a  high  R.Q., 
carnivores  a  low  one. 
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The  literature  unfortunately  abounds  with  respiratory  quotient  determina- 
tions of  doubtful  value.  Such  determinations  on  animals  subjected  to  partial 
anaerobiosis  are  worth  little  unless  carbon  dioxide  during  and  after  anaero- 
biosis  is  quantitated  against  post-anaerobic  oxygen  utilization.  An  "infinite" 
R.Q.  value  reported  by  various  investigators  (e.g.,  Maloeuf-^0  is  of  little 
significance  except  to  enunciate  the  temporary  oxygen  deficiency  or  the  sudden 
release  of  large  quantities  of  stored  carljon  dioxide.  The  fixation  and  release 
of  carbon  dioxide  from  calcium  carbonate  deposits  in  or  about  the  body  have 
supplied  "false"  R.Q.  values  in  some  of  the  earlier  investigations."*''  The  lobster, 
Homanis,  for  example,  gives  a  normal  but  "false"  R.Q..  of  1.39  when  the 
specimens  are  untreated,  but  lower  values  of  1.00  when  the  specimens  are 
coated  with  paraffin,  and  0.92  when  they  are  covered  with  collodion.  Sub- 
normal respiratory  quotients,  as  low  as  0.4  in  the  marmot,  for  instance,  are 
probably  to  be  attributed  to  the  slow  release  of  carbon  dioxide  from  the  tissues, 
at  low  body  temperature.-^ 

Another  source  of  possible  error  in  R.Q.  values  is  pointed  up  by  recent 
work  on  carbon  dioxide  fixation  and  its  synthesis  into  carbohydrate. ■''•^'  ^^^ 
Fasted  rats  and  rabbits,  when  fed  bicarbonate  tagged  with  radioactive  carbon, 
form  labelled  glycogen  in  two  to  three  hours  after  administration.  It  is  obvious 
that  under  these  conditions  the  respiratory  quotient  may  be  changed,  owing 
to  utihzation  of  this  inorganic  source  of  carbon  and  synthesizable  carbonate. 
An  interesting  use  of  radioactive  carbon  in  the  study  of  respiratory  gases  was 
the  recent  demonstration  of  the  previously  suspected  carbon  monoxide-carbon 
dioxide  conversion,  in  which  C^^O  administered  to  turtles  and  mice  appeared 
in  significant  quantities  as  C^^Oj.^'* 

The  respiratory  quotient  may  vary  with  gas  tension  or  be  independent  of 
it.  It  is  apparently  independent  in  Chironomus,  perhaps  owing  to  a  kind  of 
metabolic  control  as  well  as  to  the  presence  of  blood  pigment.^^^  The  R.Q.  of 
Tuhifex  is  dependent  on  dxygen  tension:  0.70  in  21  per  cent  oxygen  and  a 
high  and  perhaps  misleading  2.75  in  0.8  per  cent  oxygen. ^""^  Lwnhriciis  com- 
munis gives  an  R.Q.  of  0.75  in  21  per  cent  oxygen,  and  0.99  in  5  per  cent 
oxygen.-^''  The  work  of  Rahn  and  Otis-"^  on  human  subjects  carried  to  simu- 
lated altitudes  of  22,000  feet  in  a  decompression  chamber  demonstrates  a  shift 
in  respiratory  quotient  toward  a  higher  value  (1.2),  owing  to  hyperventilation 
and  the  blowing  off  of  carbon  dioxide,  which  then  decreases  while  remaining 
"aloft."  On  descent,  the  respiratory  quotient  is  low  (0.55)  but  is  shifted  toward 
normality  (0.8)  as  the  respiratory  balance  is  regained. 

The  conversion  of  food  substances  within  the  organism  is  attended  bv  varia- 
tions in  the  respiratory  quotient.  Thus  during  the  formation  of  fat  from  carbo- 
hydrate sources  a  high  respiratory  quotient  prevails  as  a  result  of  the  conserva- 
tion of  oxygen  in  the  organic  transformation.  The  fattening  process  in  livestock 
in  which  forced  feeding  with  carbohydrate  results  in  fat  formation  is  accom- 
panied by  a  high  R.Q.  This  is  shown  by  values  as  high  as  1.49  in  overfed 
geese  (Fig.  64).-^  Likewise,  the  utilization  of  fats  and  proteins  and  their 
possible  conversion  to  carbohydrate  is  characterized  by  low  respiratory  quo- 
tients. Low  R.Q.  values  are  found  in  fasting  and  starved*  animals,  most  of 
which  have  an  R.Q.  near  or  a  little  below  0.7. 

Changes  in  the  R.  Q.  occur  with  activity,  inasmuch  as  carbohydrate  stores 
are  first  oxidized  and  with  their  depletion,  as  when  available  glycogen  is  used 
up  during  long  sustained  moderate  exercise,  more  and  more  fat  and  protein 
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are  utilized.  The  decrease  in  R.Q.  in  hibernating  animals  is  correlated  with 
low  body  temperature  and  probably  represents  a  shift  in  favor  of  fat  utiliza- 
tion.-s- 1«5 

The  R.Q.  of  insects  has  been  studied  extensively  before,  during,  and  after 
flight.  Drosophila,  removed  from  culture  bottles  and  measured  before  flight, 
proved  to  have  a  high  R.Q.  (1.23)  but  during  flight  had  values  of  approxi- 
mately 1.0."^  This  is  interpreted  as  possibly  due  to  conversion  of  carbohydrate 
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OXYGEN    tl./hr.) 


5.0 


6.0 


Fig.  64.  High  respiratory  quotient  of  geese  when  placed  under  forced  feeding  condi- 
tions, compared  with  the  R.  Q.  of  those  on  basal  diet.  The  oxygen  saving  is  due  to  the 
conversion  of  carbohydrate  into  fat.   After  Benedict  and  Lee."' 


to  fat  during  rest  and  indicative  of  carbohydrate  metabolism  while  in  flight. 
After  this  activity  the  R.Q.  remains  at  or  falls  slightly  below  1.0  for  a  variable 
period. 

Temperature  changes  in  some  animals  aff^ect  the  respiratory  quotient.  HalP*' 
has  described  a  progressive  increase  in  the  apparent  R.Q.  ot  turtles  from  0.52 
at  0°  C.  to  0.75  at  29^  C.   The  mound-building  ant,  Formica  ulkei,  also  is 
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claimed  to  have  a  very  low  R.Q.  (0.5)  at  4°  and  a  high  R.Q.  (0.86)  at  22° 
C.^^^  A  similar  increase  in  R.Q.  value  with  rise  in  temperature,  from  0.70  at 
15°  C.  to  0.99  at  35°  C,  prevails  in  Paramecium  caiidatiim.-^'* 

The  R.Q.  is  not  necessarily  constant  throughout  the  life  cycle  of  an  individu- 
al and  may  reflect  changes  in  diet.  In  those  invcrtehrates  with  rather  special- 
ized and  changeable  feeding  habits,  the  R.Q.  variations  may  be  striking.  The 
R.Q.  of  the  shore  crab,  Carcinus  maenas,  falls  from  a  value  of  1.0  in  the  early 
stage  of  development  to  0.7  a  few  hours  later,  to  rise  again  in  successive  stages 
of  ontogeny--"'"  (Fig.  65).  The  R.Q.  of  the  frog  egg  increases  during  develop- 
ment from  cleavage  to  gastrulation,-^'  -•'''■•  perhaps  indicatmg  a  change  from 
lipoid  to  carbohydrate  food  reserves.  The  R.Q.  of  the  silkworm  embryo, 
Bomhyx  viori,  is  initially  0.79,  drops  to  0.64  at  about  the  eighth  day  of  incuba- 
tion, and  then  increases  to  0.75  just  before  hatching.^""' 


R.Q. 

I  la         23456  78 

DEVELOPMENTAL    STAGES 

Fig.  65.  Respiratory  quotient  change  during  embryonic  development  of  the  crab, 
Carcinus,  indicating  different  food  sources  at  various  stages  of  development.  After 
Needham.-"" 

Despite  certain  limitations  and  precautions  which  must  be  exercised  in 
interpreting  R.Q.  data,  the  respiratory  quotient  is  of  considerable  value  in 
identifying  metabolic  adaptations  in  organisms.  Further  critical  analyses  of 
the  sources  of  variation  in  R.Q.  determinations,  of  "true"  and  "false"  respira- 
tory quotients,  of  the  fixation  and  release  of  COj,  should  extend  our  concepts 
rapidly  along  the  route  of  the  actual  metabolic  processes  involved  in  gas 
exchange  and  energy  conversion. 


CONCLUSION 

The  respiratory  mechanisms  which  have  e\'ol\'ed  to  provide  the  necessary 
gas  exchange  for  animals  are  varied  and  highly  adaptive,  both  morphologically 
and  physiologically.  Diffusion  of  oxygen  into  the  organism  proves  adequate 
with  very  small  organisms,  and,  in  fact,  cutaneous  respiration  necessarily  occurs 
if  a  sufficient  oxygen  gradient  is  established  across  the  more  or  less  permeable, 
usually  moist,  integument.  Gas  exchange  always  occurs  across  a  water  film. 
The  increase  in  respiratory  surface  made  possible  by  the  development  of  gills, 
lungs,  and  tracheae,  as  well  as  the  added  efficiency  of  ventilating  mechanisms, 
permit  increase  in  body  size  and  metabolic  activity.  All  of  these  specialized 
mechanisms  were  adaptable  to  life  on  land  as  well  as  in  water,  and  aerial 
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respiration  became  common.  Lung  and  tracheal  breathers  have  further 
progressed  to  permit  some  to  become  secondarily  aquatic.  Various  taxic  and 
migratory  movements  may  be  traced  to  oxygen  requirements. 

Ventilation  movements  in  invertebrates  and  vertebrates  alike  are  decidedly 
influenced  by  various  factors,  including  temperature,  carbon  dioxide  excess, 
and  oxygen  deficiency.  Of  these,  carbon  dioxide  appears  to  play  the  most 
significant  role  in  respiratory  control  in  the  warm-blooded  (generally  terrestri- 
al) vertebrates  but  is  of  lesser  relative  importance  among  lower  (aquatic) 
animals. 

Metabolic  adaptations,  including  the  oxygen-deficiency  processes  of  anaer- 
obic glycolysis,  anaerobiosis,  accumulation  of  oxygen  debt,  carbon  dioxide 
insensitivity,  and  carbohydrate  conversion,  have  enabled  organisms  to  with- 
stand severe  oxygen  stress  and  likewise  have  played  a  major  role  in  the 
ecological  distribution  and  behavior  pattern  of  these  animals.  The  amount  of 
oxygen  required,  the  minimum  tolerable  gas  tension,  and  the  oxygen  utiliza- 
tion, although  subject  to  modification  by  activity,  age,  size,  temperature, 
season,  nutrition,  and  sex,  are  characteristic  for  each  organism.  A  survey  of 
respiratory  and  metabolic  adaptations  demonstrates  remarkably  the  many 
interrelations  between  the  fitness  of  organisms  and  their  environment. 
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CHAPTER  9 


Respiratory  Functions  of  Body  Fluids 

IN  MOST  ANIMALS  which  havc  a  circulatory  system  (insects  excepted) 
there  is  a  pigment  in  the  blood  or  body  fluid  which  is  capable  of 
combining  with  oxygen.  In  higher  mammals,  for  example,  oxygen  is 
dissolved  in  the  plasma  to  the  extent  of  0.3  volumes  per  cent,  and  in  whole 
blood  to  the  extent  of  0.24  volumes  per  cent.  Actually,  arterial  blood  contains 
19  volumes  per  cent  of  oxygen;  98  per  cent  of  the  oxygen  in  the  blood  is  com- 
bined with  hemoglobin.  In  this  chapter  we  shall  consider  the  role  of  blood 
pigments  in  oxygen  transport  under  usual  physiological  conditions  and  at 
times  of  hypoxic  stress.  All  blood  pigments  contain  some  metal  in  an  organic 
complex.  Good  summaries  of  the  literature  are  given  by  Redfield,^-*^-  ^^^ 
Barcroft,"^  and  Florkin.^o-  ^2.  53 

DISTRIBUTION  OF  PIGMENTS 

Hemoglobins.  The  most  common  of  blood  pigments  are  iron-containing 
red  pigments,  the  hemoglobins;  their  protein  components  differ  considerably, 
and  hemoglobins  have  arisen  in  many  unrelated  animal  groups.  The  molecules 
of  invertebrate  hemoglobins  are  much  larger  than  those  of  vertebrate  hemo- 
globins, and  for  this  reason  invertebrate  hemoglobins  have  been  called  eryth- 
rocruorins.^^^  However,  the  prosthetic  groups  in  all  hemoglobins  are  similar 
(porphyrins),  and  the  proteins  differ  even  from  species  to  species  of  verte- 
brates; hence  it  seems  preferable  to  apply  the  name  hemoglobin  to  all  of  the 
red,  iron-containing  porphyrin-proteins. 

The  distribution  of  blood  hemoglobin  and  of  other  pigments  is  given  in 
Table  48.  Hemoglobin  is  found  in  all  vertebrates,  although  it  is  absent  from 
some  transparent  young  fish  (e.g.,  eels),  which  have  colorless  erythrocytes.^^^ 
Hemoglobin  is  lacking  in  Amphioxiis;  it  has  been  reported  from  one  pro- 
chordate— DiscogZossws.^^^ 

Among  the  annelids,  hemoglobin  (erythrocruorin''^*')  is  found  in  the  plasma 
of  many  oligochaetes— Liiwfcnciis  and  others,  in  some  leeches— as  Hirndo,  and 
in  many  polychaetes— such  as  Nereis  and  Arenicola  (Tables  48  and  49).  In 
some  other  polychaetes,  Glycera,  for  example,  hemoglobin  is  contained  in 
nucleated  corpuscles.  In  general,  those  annelids  whose  hemoglobin  is  irj 
solution  in  the  plasma  have  a  closed  circulation,  whereas  those  with  the  pig- 
ment in  cells  have  a  poorly  developed  vascular  system  and  the  pigmented 
cells  are  in  coelomic  spaces  only.^"'-  In  two  genera,  Terebella  and  Travisia, 
hemoglobin  is  found  both  in  solution  in  the  blood  plasma  and  in  cells  in  the 
coelomic  fluid. 

Hemoglobin  occurs  in  a  few  molluscs,  in  the  plasma  of  the  snail  Planorhis, 
and  in  corpuscles  of  the  clam  Area  (Table  48).   Hemoglobin  appears  sporadi- 
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Animal 

Examples 

Location 

Hemoglobins 

(Fe) 

Chordata 

All  vertebrata 

(except  leptocephalan 

(eel)  larvae)'"^' 

corpuscles 

Prochordata 

(absent  from  Amphioxus) 
Discoglossus'"''  ''■"' 

" 

Echinodermata 

Holothuria 

1  hyone"'" 

Cucumaria  frauenfeldi'^^ 

miniata"' 
Molpadia  roretzii"' 
Anadara"^ 
Caudina'* 

Annelida 

Oligochaeta 

Lumbricus  and  many  others^"" 

plasma 

Hirudinea 

Hirudo,  Analastoma, 

Nephelis  and  others"'^ 

plasma 

Polychaeta 

Alanv— see  Table  50 

Echiuroidea 

Urechis,  Thalassema'"''  '=' 

corpuscles 

Phoronidea 

Phoronis'"" 

corpuscles 

Arthropoda 

Crustacea 

Daphnia'"- 

plasma 

Cheirocephalus^"- 

plasma 

Branchipus'^ 

plasma 

Insecta 

Chironomus^"" 

plasma 

Gastrophilus  (horsefly)  larva"'-  ''■ 

tracheal  cells 

Mollusca 

Pelecypoda 

Solen'"' 

Area,  Pectunculus"" 

corpuscles 

Gastropoda 

Planorbis'"" 

plasma 

Nemertinea 

Polia"'^' 
Drepanophorus 

(Hubrecht,  in  Redfield'^^) 

plasma 

Platyhelminthes 

Derostoma 

(Moseley,  in  Redfield'"") 
Syndesmis 

(Prenant,  in  Redfield'"") 
Telorchis  and  others'" 

Nemathelminthes 

Ascaris,  Nippostrongylus"'' 

perienteric 

Camallanus^''' 

fluid  and 

Eustrongylides  (larvae)"" 

body  wall 

Chlorocruorin  (Fe) 

Annelida 

Polychaeta 

SabelUda"'" 

plasma 

Serpulidae"" 

plasma 

Chlorhaemidae'" 

plasma 

Hemerythrin 

(Fe) 

Sipunculoidea 

Sipunculus^"" 

corpuscles 

Phascolosoma"'' 

corpuscles 

Phymosoma^"" 

corpuscles 

Annelida 

Polychaeta 

iMagelona'"^ 

corpuscles 

Brachiopoda 

Lingula"^ 

corpuscles 
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Animal 

Examples 

Location 

Hemocyanin  (Cu) 

Arthropoda 

Arachnoidea 

Limulus'"-  "' 

plasma 

Arachnida 

Scorpionidae 

Crustacea 

many  Malacostraca 

" 

Mollusca 

Cephalopoda 

Loligo 

Sepia 

Octopus 

plasma 

Eledone 

Gastropoda 

Busycon 

" 

Buccinium  and  others 

Pinnaglobin  (Mn) 

Mollusca 

Pelecypoda 

Pinna  squamosa"' 

Echinochrome  (Fe) 

Echinodermata 

Echinus  and  others- 

Vanadium  chromogens 

Tunicata 

Rhodosomatidae**'  ^^ 

vanadocytes 

Ascidia,  Phallusia 

" 

Perophoridae 

" 

Diazonidae 

plasma 

Cionidae 

plasma 

cally  among  the  arthropods,  e.g.,  Daphnia,  Cheirocephalus,  and  Branchipus, 
and  in  the  larvae  of  certain  chironomids.  Among  the  echinoderms  hemoglobin 
is  also  found  in  nucleated  corpuscles  in  the  sea  cucumbers,  such  as  certain 
species  of  Thyone  and  Cucumaria.  Cncnmaria  elongata,  a  mud-dweller,  has 
hemoglobin,  whereas  Cucumaria  saxicoia,  which  lives  among  rocks,  with 
greater  oxygen  availability,  lacks  hemoglobin."'  In  a  few  nemerteans  and 
parasitic  flatworms  and  in  several  roundworms  hemoglobin  has  been  detected. 
The  properties  of  the  hemoglobin  in  some  of  these  parasites  are  distinctly 
different  from  those  of  the  hemoglobin  in  the  host. 

In  addition  to  the  blood  hemoglobins,  there  are  also  many  tissue  hemo- 
globins. Muscle  hemoglobin  or  myoglobin  is  abundant  in  the  "red"  muscle 
of  mammals  and  birds,  in  the  heart  muscle  of  all  classes  of  vertebrates,  and  in 
scattered  skeletal  muscles  of  cold-blooded  vertebrates,  as  in  the  dorsal  fin  muscle 
of  Hippocampus.^'^'-  In  JJrechis  hemoglobin  is  present  not  only  in  coelomic 
cells  but  also  in  muscle  and  nerve  cells."  Myoglobin  occurs  in  the  radular  and 
pharyngeal  muscles  of  certain  snails,  especially  Busycon/'  in  the  ganglion 
cord  of  Aphrodite, ^'^-  and  in  ganglia  of  certain  nemerteans.'-*^  A  similar  pig- 
ment is  found  in  the  "tracheal  body"  of  larvae  of  the  fly  Gastrophilus,  which 
is  parasitic  in  the  stomach  of  horses,  and  also  in  the  tracheal  cells  of  some  other 
insects."''   Hemoglobin  has  even  been  reported  from  Paramecitnn.'^^^   Hemo- 


Respiratory  Functions  of  Body  Fluids  293 

globin  is  found  with  bacteria  in  the  root  nodules  of  certain  leguminous  plants, 
where  it  appears  to  function  in  nitrogen  hxation.'-*" 

Chlorocruorin.  In  three  families  of  polvchaete  worms,  particularly  the 
Sabellidae  and  Serpulidae,  there  is  a  pigment,  called  chlorocruorin,  which 
contains  iron  in  a  different  porphyrin  from  hemoglobin  and  which  is  green 
in  color  in  dilute  solution. 

Hemerythrin.  A  third  iron-containing  pigment,  hemerythrin,  occurs  in 
the  polychaete  worm  Magelona,  in  the  sipunculoid  worms  Sipuncidus  and 
Phascolosovia,  and  also  in  the  brachiopod  Lingula.  Hemerythrin  is  found  in 
corpuscles  and  is  brown  in  color.  The  corpuscles  of  Magelona  are  non- 
nucleated.  Hemerythrin  does  not  contain  a  porphyrin,  and  hence  is  very 
different  in  chemical  properties  from  hemoglobin  and  chlorocruorin. 

Hemocyanin.  The  pigment  which  is  next  in  importance  to  hemoglobin, 
judged  by  its  distribution,  is  hemocyanin.  This  is  a  copper-containing  protein 
which  occurs  in  cephalopod  molluscs,  some  gastropods,  higher  crustaceans, 
Limidus,  and  a  few  arachnids.  The  concentration  of  hemocyanin  roughly 
parallels  that  of  copper  in  the  blood.  Hemocyanin  is  a  protein  without  any 
porphyrin  group. 

Miscellaneous  Pigments.  Several  other  blood  pigments  should  be  men- 
tioned, even  though  their  respiratory  function  has  not  been  demonstrated.  In 
the  body  fluid  of  a  mussel.  Pinna,  there  is  a  brown  pigment,  called  pinnaglobin, 
which  contains  manganese. '^^  The  body  fluids  of  some  ascidians  contain  a 
pigment  which  is  a  vanadium  chromogen.'^^''  ^-'^  In  certain  cells,  the  eleocytes 
of  the  coelomic  fluid  of  sea  urchins,  there  is  a  red  pigment,  echinochrome.  This 
contains  little  iron,  has  a  low  oxidation  potential,  and  is  probably  enzymic  in 
function.--  Crescitelli-''  identified  by  its  absorption  bands  a  pigment  which  he 
called  molpadin  in  the  holothurian  Molpadia. 

SIZE  AND  COMPOSITION  OF  ERYTHROCYTES 

The  hemoglobin  of  vertebrates  is  contained  in  corpuscles  called  erythrocytes. 
In  higher  mammals  the  erythrocytes  constitute  40  to  50  per  cent  of  the  total 
blood.  Mammalian  erythrocytes  are  circular  (except  in  the  Camellidae),  non- 
nucleated,  and  biconcave.  Erythrocytes  of  most  other  vertebrates  are  elliptical, 
nucleated,  and  double  convex.  The  number  of  erythrocytes  per  cu.  mm. 
varies  with  the  size  of  the  cells.  Table  50  gives  the  size  and  red  cell  count  for 
a  number  of  representative  species.  In  man,  the  count  is  higher  in  infants 
(6,000,000/mm.-0  than  in  adults  (males  5,000,000  and  females  4,500,000/ 
mm.^).  The  number  of  red  cells  is  higher  at  high  altitudes  than  ai  sea  level. 
Data  collected  by  Talbot  in  the  Andes  showed  that  the  normal  red  cell  count 
of  most  persons  living  at  altitudes  greater  than  10,000  ft.  was  over  5,500,000 
per  cubic  millimeter,  with  great  individual  variability.-^-  Hemoglobin  content 
of  the  blood  parallels  the  increase  in  red  cell  count  at  high  altitudes. 

Table  50  shows  that  in  general  the  red  cells  of  mammals  are  smaller  and 
more  numerous  than  the  red  cells  of  lower  vertebrates.  The  largest  red  cells 
occur  in  the  Amphibia,  particularly  in  such  animals  as  Amphimna.  The 
oxygen-combining  capacity  of  the  blood  is  proportional  to  the  total  amount  of 
hemoglobin,  rather  than  to  the  red  cell  count.  Table  50  gives  the  hemoglobin 
content  of  the  blood  of  a  number  of  animals.  The  small  number  of  red  cells 
in  lower  vertebrates  is  partly  compensated  by  larger  cell  size. 


294  Comfarative  Animal  Physiology 

Mammalian  erythrocytes  are  approximately  32  per  cent  hemoglobin,  60-65 
per  cent  water,  and  about  8  per  cent  stroma,  consisting  of  lecithin,  cholesterol, 
inorganic  salts,  and  protein.  In  fetal  life  the  red  blood  cells  are  manufactured 
in  liver  and  spleen;  in  adults  they  are  made  largely  in  the  bone  marrow.  Red 
blood  cells  are  subject  to  severe  wear  and  tear  and  survive  only  a  few  weeks  in 
the  open  circulation.  Measurements  made  with  radioactive  hemoglobin  indi- 
cate the  mean  life  of  the  red  cell  in  the  dog  to  be  about  100  days;^'  in  the 
chicken  the  lifetime  of  the  red  cell  is  about  32  days,  by  measurements  made 
with  P^-  in  the  nucleic  acid.^^" 

TABLE  49.  DISTRIBUTION  OF  RESPIRATORY  PIGMENTS  IN  POLYCHAETE, 

SIPUNCULOID  AND  ECHIUROID  WORMS 

(Modified  and  extended  from^''^) 


Closed  circulatory  system 

Coelomic  Huid  pigmented 

Hemoglobin  in  cells  of  coelomic  fluid  and  in  blood  plasma 

Terebella  lapidaria         Travisia  forbesii 
Coelomic  fluid  not  pigmented 

Hemoglobin  in  blood  plasma 

Nereidae  Arenicola  marina  Amphistenidae 

Amphitrite  rubra  Clymene  lumbricoides  Cirratulidae 

Pista  cristata  Eunicidae 

Chlorocruorin  in  blood  plasma 

Sabellidae  Serpulidae  Chlorhaemidae 

Hemerythrin  in  non-nucleated  blood  corpuscles 

Magelona  papillicornis 
No  pigment  in  either  blood  or  coelomic  fluid 

Syllidae  Aphroditidae  Lepidonotus  squamatus 

Phyllodice  Chaetopteridae 

Circulatory  system  lacking  or  degenerate,  blood  not  pigmented 
Hemoglobin  in  corpuscles  in  coelomic  fluid 

Capitellidae  Polycirrus  hematodes     Urechis  caupo 

Glyceridae  Polycirrus  aurantiacus  Thalassema  neptuni 

Hemerythrin  in  corpuscles  in  coelomic  fluid 

Sipunculus  nudus  Phascolosoma. 

No  pigment  in  coelomic  fluid 

Polycirrus  tenuisetis       Polycirrus  arenivorus 

CHEMISTRY  OF  PIGMENTS 

Hemoglobin:  Chemical  Cotnposition.  The  molecules  of  hemoglobin  are 
large,  and  consist  of  a  protein,  globin,  and  pigment,  hemin.  Hemin  is  the 
hydrochloride  of  heme,  a  metaloporphyrin.  Porphyrins  are  composed  of  four 
pyrrol  rings,  as  shown  in  Figure  66.  Other  metals  than  iron  can  combine  with 
porphyrin;  for  example,  the  pigment  in  the  feathers  of  the  South  African 
turaco  is  a  combination  of  porphyrin  and  copper.  Heme  can  combine  with 
various  nitrogenous  compounds  to  give  hemochromogens.  A  hemochromogen 
can  be  produced  by  the  action  of  acid  or  alkali  upon  hemoglobin.  The  most 
widespread  of  all  hemochromogens  is  cytochrome,  a  respiratory  pigment  which 
occurs  in  three  forms,  a,  b,  and  c,  and  is  found  in  most,  if  not  all,  aerobic 
cells.''-'*  Other  hemochromogens  are  such  pigments  as  actiniohematin,  which 
occurs  in  sea  anemones,  and  helicorubin,  which  is  found  in  the  muscles  and 
bile  of  certain  snails.'"'  ''"  The  heme  in  all  these  hemochromogens  is  similar; 
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TABLE  50.   S7ZE  OF  RED  BLOOD  CORPUSCLES  IN  MICRA  DIAMETER, 

COUNT  IN  MILLION  CELLS  PER  CUBIC  MILLIMETER,  AND 

HEMOGLOBIN  CONTENT  IN  GRAMS  PER  100  CUBIC 

CENTIMETERS  OF  BLOOD 

(Except  where  otherwise  indicated) 

Data  on  size  and  red  counts/-*'  ";  hemoglobin  data"''  "•'•  '^'  ""•  ''"■  "';  when  several  values 

or  ranges  ot  values  were  given,  these  have  been  averaged.    Individual  variability  within 

a  species  is  great,  and  the  values  given  in  this  table  are  reasonable  means. 


Red  Cell 

Red  Cell 

Count  in 

Hemoglobin 

Animal 

Diameter  in  ^ 

iMillion/iVim.' 

gm./ 100  cc.  Blood 

Mammals 

lemur 

6.8 

11.2 

macaque 

7.1 

5.0 

man  (male) 

7.7 

5.0 

16 

man  (female) 

7.7 

4.5 

14 

dog 

4.5 

14.8 

horse 

5.5 

5.8 

11.0 

bull 

6.0 

5.0 

sheep 

5.5 

11.5 

13.2 

pig 

6.3 

13.9 

goat 

12.8 

rat 

9.0 

13.8 

mouse 

5.7 

9.2 

14.6 

guinea  pig 

7.5 

5.2 

14.1 

woodchuck 

7.4 

7.3 

13.9 

rabbit 

7.0 

6.0 

13.5 

opossum 

6.5 

5.9 

10.0 

camel  (dromedarius) 

8   X   4.6 

10.8 

14.4 

llama  (glama) 

7.8   X   4.3 

11.3 

13.4 

llama  (pocas) 

8.0   X  4.3 

19.4 

15.9 

seal 

6.01 

16.5 

Birds 

fowl 

13 

3 

11.3 

mallard  duck 

11.2   X   6.7 

3 

15.6 

pigeon 

13   X  6.5 

3.6 

14.85 

sparrow 

12.5   X  6.25 

3.74 

13.01 

ostrich 

18   X   8 

goose 

2.71 

canary 

3.5 

10.4 

Reptiles 

Lacerta  agilis 

14.7   X   6 

0.94 

5.7 

Lacerta  muralis 

13.2   X   6.2 

1.447 

9.0 

Anguis  fragilis 

17.8   X   9.3 

1.6 

11.3 

Emys  orbicularis 

0.503 

6.6 

Phrynosoma 

12   X   5 

alligator 

14   X   25 

.85 

Bothrops  (snake) 

7.80 

Amphibians 

Rana  esculenta 

22.8   X    15.7 

0.53 

9.5 

temporaria 

19.7   X    13.3 

0.408 

Hyla  arborea 

18.5    X    11.7 

0.67 

10.2 

Bufo  vulgaris 

20.5    X    13.3 

0.38 

10.2 

Necturus  maculosus 

0.056 

9.8 

Triton  vulgaris 

32  X   25 

0.135 

Triton  alpestris 

36   X    13 

0.11 

6.0 

Triturus  iridescens 

30  X    19.6 

0.103 
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TABLE  50  (continued). 

SIZE  OF  RED  BLOOD  CORPUSCLES  IN  MICRA  DIAMETER,  COUNT  IN 

MILLION  CELLS  PER  CUBIC  MILLIMETER,  AND  HEMOGLOBIN 

CONTENT  IN  GRAMS  PER  100  CUBIC  CENTIMETERS 

OF  BLOOD 

(Except  where  otherwise  indicated) 

Data  on  size  and  red  counts/"*'  '";  hemoglobin  data°^'  ^^'  ^^'  ^'  *'■  "';  when  several  values 

or  ranges  ot  values  were  given,  these  have  been  averaged.    Individual  variability  within 

a  species  is  great,  and  the  values  given  in  this  table  are  reasonable  means. 


Red  Cell 

Red  Cell 

Count  in 

Hemoglobin 

Animal 

Diameter  in  ^ 

Million/mm.'' 

gm./ 100  cc.  Blood 

Salamandra  maculata 

35.5    X   20.5 

0.057 

8.0 

Salamandra  atra 

41.7   X    19.8 

0.054 

6.8 

Proteus  anguineus 

60   X   35 

0.036 

Amphiuma 

67   X  41 

Plethodon 

32   X    13 

Fish 

yellow  perch 

1.10 

8.7 

eel 

22.9   X    13.9 

sole 

12  X  9 

2.0 

dace 

2.1 

17.4 

trout 

16.7   X    10.3 

carp 

1.6 

12.2 

- 

1.98 

10.14 

26.02* 

channel  catfish 

2.4 

17.6 

toadfish 

.585 

19.5t 

puffer 

2.284 

17.5t 

scup 

2.685 

32.6t 

sea  robin 

2.536 

24.0t 

mackerel 

3.00 

37.lt 

goosefish 

.867 

15.45t 

Amia  calva 

19   X    10 

1.7 

9.3 

Protopterus  ethiopicus 

40   X   30 

torpedo 

27   X   20 

0.14 

Raja 

.2 

Myxine  glutinosa 

25    X  20 

Invertebrates 

Urechis  caupo 

25 

2.5-4 
7.5  - 12.7* 

Sipunculus  nudus 

16   X    12 

Glycera  convoluta 

50 

Anadara 

1.06-1.64 

the  pigments  differ,  however,  in  the  nitrogenous  base.  Since  heme  is  so  wide- 
spread in  occurrence,  it  is  not  remarkable  that  it  has  been  utilized  in  blood 
pigments  in  a  wide  variety  of  unrelated  animals. 

In  hemoglobin  the  iron  is  found  to  be  in  the  reduced  (ferrous)  state.  The 
iron  content  of  human  hemoglobin  is  0.336  per  cent  (that  of  horse  hemoglobin 
is  0.38  per  cent'"'"),  and  the  heme  content  is  4  per  cent.  Each  unit  of  hemo- 
globin containing  one  atom  of  iron  has  a  molecular  weight  of  16,400.  Hemo- 
globin in  mammalian  blood,  however,  consists  of  four  units,  and  hence  has 

*Grams  per  100  cc.  cells. 
tHematocrit  index. 
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four  atoms  ot  iron  and  a  molecular  weight  of  about  67,000.  Muscle  hemoglobin 
contains  two  heme  units.  In  all  of  the  vertebrates,  with  the  exception  of  the 
cyclostomes  (Myxine),  the  blood  hemoglobin  contains  four  atoms  of  iron;  in 
Myxine  there  are  two.  The  in\'ertebrate  hemoglobins  are  composed  of  two  or 
many,  but  never  four,  units. 

The  function  of  hemoglobin  as  an  oxygen  carrier  depends  on  the  loose 
combination  of  the  ferrous  iron  with  oxygen  (oxygenation).  The  ferrous  iron 
can  be  oxidized  by  strong  oxidants,  resulting  in  methemoglobin.  The  resulting 
ferric  iron  is  incapable  of  combining  further  with  oxygen.  Oxygen  combines 
in  the  proportion  of  one  molecule  per  atom  of  iron. 

The  rate  of  dissociation  or  unloading  of  oxygen  has  been  measured  photo- 
electrically.-*^'  ^^■"''  ^•^'•'  The  time  for  50  per  cent  dissociation  (deoxygenation) 


^^. 

^r^ 

CH^          CH^ 

?^ 

?^ 

COOH 

COOH 

ig.  66. 

Structure 

1  formula  of  heme. 

CH 


is  similar  in  man,  sheep,  frog,  and  Glycera,  but  is  longer  in  Linnbricus  (Table 
5 1 )  and  very  long  in  Ascaris.-^ 

The  protein  portion  of  the  hemoglobin  molecule  differs  from  species  to 
species  and  even  from  embryo  to  adult  in  an  individual.  The  protein  differ- 
ences are  shown  by  slight  differences  in  spectral  absorption,  by  differences  in 
oxygen  affinity  and  in  the  effect  of  carbon  dioxide  on  oxygen  affinity,  and  by 
differences  in  amino  acid  composition.  For  example,  the  amount  of  methionine 
is  higher  in  the  hemoglobin  of  man,  monkey,  and  cow  than  in  that  of  dog  and 
fox,  and  cystine  is  higher  in  the  hemoglobin  of  man,  monkey,  dog,  and  fox 
than  in  that  of  the  cow  and  horse,  whereas  the  hemoglobin  in  all  these  species 
contains  similar  amounts  of  arginine,  lysine,  histidine,  and  tryptophane.^-^ 

Absorption  Bands.    All  hemin  compounds  show  characteristic  absorption 
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spectra;  the  mid-points  ot  some  of  these  absorption  bands  are  given  in  Table 
52.  Reduced  (deoxygenated)  hemoglobin  has  a  broad  band  in  the  yellow- 
green,  whereas  oxyhemoglobin  has  two  principal  bands,  an  alpha  band  in  the 
yellow,  and  a  beta  band  in  the  green.  Methemoglobin  shows  four  character- 
istic absorption  bands,  of  which  two  are  most  prominent,  a  and  fi,  and  the 
bands  of  muscle  hemoglobin  are  very  close  to  those  of  blood  hemoglobin.  The 
hemglobins  of  different  vertebrates  show  qualitatively  the  same  absorption 
bands;  however,  it  is  possible  to  detect  species  differences  by  comparing  the 
extinction  coefficients  for  two  maxima. ^*^"  Also,  in  the  position  of  the  alpha 
band  of  oxyhemoglobin  there  is  a  difference  of  as  much  as  3  A  among  several 
mammals. 


TABLE  51. 

DISSOCIATION  (UNLOADING  OF  OXYGEN)  RATES  OF  BLOOD  PIGMENTS 
ti/  2  .at=Time  in  seconds  for  unloading  50  per  cent  of  O2. 


Animal 

ti/2  sat  (sec.) 

Temp.  °C 

pH 

Hemoglobin 

Man"^ 

0.038 

22 

8.6 

"       13» 

0.027 

27 

8.37 

Sheep"= 

0.028 

22 

8.6 

Frog^ 

0.02 

" 

" 

Lumbricus"" 

0.07 

23 

8.0 

Glycera''"' 

0.027 

28 

8.6 

Ascaris^* 

(body  fluid) 

220. 

16 

9.0 

150. 

20.5 

6.0 

(body  wall) 

80. 

3 

6.0 

Hemocyanin 

Maja"^ 

0.025 

22 

8.6 

Limulus"^ 

(dialyzed) 

0.08 

22 

8.6 

(non-dialyzed) 

0.075 

22 

8.6 

Table  52  indicates  also  the  absorption  bands  of  hemoglobins  (erythrocru- 
orins)  in  invertebrate  animals.  Usually  there  are  two  oxyhemoglobin  bands 
(a  and  yS)  and  one  deoxygenated  band  which  are  very  similar  to  the  bands  of 
vertebrate  hemoglobin.  However,  differences  have  been  reported  as  in  the 
location  of  the  bands  of  carboxyhemoglobin  in  Arenicola  and  Cucumaria,  and 
in  some  annelids  and  echinoderms  the  reduced  pigment  has  two  maxima. 
The  striking  similarity  in  different  animals,  however,  indicates  that  the  hemin 
of  the  body  fluids  is  essentially  similar. 

In  all  of  the  vertebrate  hemoglobins  and  myoglobins  the  a  band  is  higher 
than  the  (3  band,  whereas  in  the  myoglobin  of  Btisycon,  of  Ascaris,  and  of 
legume  root  nodules  there  is  more  absorption  at  the  /3  than  at  the  a  waVe 
length.  The  span  between  the  a  and  /3  bands  for  blood  hemoglobins  is  48-56  a, 
for  vertebrate  and  snail  myoglobin  32-36 a,  and  for  Gastrophilus  hemoglobin 
95.5a.»^ 

Molecular  Size.  Measurements  of  the  molecular  weight  made  by  diffusion 
methods  agree  well  with  weights  calculated  from  sedimentation  data  obtained 
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TABLE  52.  LOCATION  OF  ABSORPTION  BANDS  OF  VARIOUS  BLOOD 
PIGMENTSBY  THEIR  MAXIMA  IN  MILLIMICRA 


Animal  or 

Reduced 

Met 

Carboxy- 

Tissue  Tested 

Oxyhemoglobin  * 

Hemoglobin* 

hemoglobin* 

hemoglobin* 

a 

/3 

a 

/3 

a 

P 

Hemoglobins 

Vertebrates 

man""'  '"'■  '■  "^^  " 

576.9 

544.8 

565 

630 

570.5 

535 

horse^'  ^'»-  ^^' 

576.7 

543 

556 

dog  (Vies,  in 

Kobayashi^"*) 

578.3 

543.5 

guinea  pig"' 

576.5 

539.5 

fowP 

576.9 

571.8 

pigeon'^'  ^ 

576.3 

571 

lizard^* 

576.2 

571.5 

tortoise^ 

576.6 

571.7 

carp'^ 

576.2 

576.6 

Annelids 

Arenicola^*-'  '^^  "• 

3«    575 

540 

563 

550 

670 

Glycera"" 

570 

535 

640 

570 

535 

Lumbricus^^" 

576 

544 

645 

570 

535 

Pheretima^'" 

574 

538.1 

567 

549 

Sipunculids 

Urechis'^^ 

577 

542 

552 

Echinoderms 

Cucumaria 

frauenfeldi^'  ""■ 

m    579 

543 

558 

573 

535 

Cucumaria 

miniata"' 

580.5 

544.6 

562.2 

531.2 

Molpadia'^"' 

577 

541.5 

557 

Caudina  Ch/'"' 

579.5 

544.2 

560 

Arthropods 

Chironomus' 

577.7 

572.7 

Daphnia** 

576.6 

Molluscs 

Arca'°« 

578 

541.5 

556 

Planorbis^ 

574.6 

570.8 

Nematodes 

Ascaris"'^ 

578.4 

541.5 

IntrE 

icellular  Hemoglobins,  Myoglo 

Din 

guinea  pig'" 

580 

541 

pigeon"" 

580 

horse  heart^™ 

582 

542 

555 

630 
500 

579 
540 

Busycon" 

576 

540 

Ascaris  (hypoderr 

nal 

cells)^'^^ 

579.8 

542.5 

Nippostrongylus 

(hypodermal 

cells)^« 

577.7 

540.5 

Gastrophilus 

(tracheal  cells) 

"'    581 

545 

558 

637 

571.5 

540.5 

^or  other  pigment. 
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f  ABLE  52  (continued).  LOCATION  OF  ABSORPTION  BANDS  OF  VARIOUS 
BLOOD  PIGMENTS  BY  THEIR  MAXIMA  IN  MILLIMICRA 


Animal  or 
Tissue  Tested 

Oxyhemoglobin* 

Reduced 
Hemoglobin* 

Met- 
hemoglobin* 

Carboxy- 
hemoglobin* 

a 

)3 

a 

^ 

(X 

/3 

Legume  (root 

nodules)"" 
Paramecium"" 

574 
581 

540 
545 

537 
555 

633 

574 

538 

Chlorocruorin 

Sabella™'  " 
Serpula'"^ 
Spirographis^ 
Endistylia^ 

604 
604 
604.8 
603.5 

558 

560 
554.5 

604 

610 
578.5 

570 

574 
540 

525 

601 
601.8 

Hemerythrin 

Lingula-'^- 
Phascolosoma™ 
Sipunculus^^'  ^^ 

470-520 
<395 
493 

500-570 
425-490 

<360 
no 

>380 
tie 

Molpadin 

Molpadia'^ 

613 

569 

588 

Helicorubin 

snail  bile™ 

562.5 

529.7 

Hemocyanin  (diffuse  absorption  bands) 

Limulus^^" 
Homarus"" 
Busycon^"' 
Palinurus"' 

575-580 
570 
570 
558 

<450 
<450 
<450 
also  in  ul 

traviolet 

Cytochrome 

bee  muscle"^ 

604.6 

566.5 

550.2 

521.0 

1 

''or  other  pigment. 


by  Svedberg  and  his  associates  with  the  ultracentrifuge.^^^  The  sedimentation 
constant  of  the  protein  in  cm./sec./dyne  of  centrifugal  force  gives  a  measure 
of  molecular  size.  Sedimentation  data  for  many  hemoglobins  are  presented 
in  Table  53,  together  with  such  molecular  weights  as  were  calculated  by  Sved- 
berg and  Pedersen.  The  protein  is  similar  in  size  in  mammals,  birds,  and 
fishes;  it  is  slightly  larger  in  amphibia  and  reptiles;  and  it  is  reduced  by  one- 
half  in  cyclostomes,  in  which  the  hemoglobin  molecule  consists  of  two  instead 
of  four  units.  In  those  invertebrates  in  which  the  hemoglobin  (erythrocruorin 
of  Svedberg)  is  in  solution  in  the  plasma  (except  Chironomus},  the  molecular 
weight  is  greater  than  1,000,000.  The  large  size  tends  to  conhne  the  molecules 
to  the  circulatory  system.  In  all  those  invertebrates  in  which  the  hemoglobin 
occurs  in  cells,  the  molecular  weight  is  less  than  that  of  vertebrate  hemoglobin. 
DiflFercnces  in  molecular  size  are  due  to  differences  in  the  proteins  and  in  the 
number  of  hemoglobin  units  per  molecule.    Svedberg"'^  suggested  that  the 
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TABLE  53.   SEDIMENTATION  RATE  IN  CM.  x  10-"/SEC./DYNE  REDUCED 

TO  20°  IN  WATER  AS  DETERMINED  BY  ULTRACENTRIFUGATION; 

CALCULATED  MOLECULAR  WEIGHTS  AND  ISOELECTRIC 

POINTS  OF  BLOOD  PIGMENTS 

Data  from  Svedberg  and  Pedersen""  and  others. 

Figures  in  parentheses  represent  secondary  and  lower  sedimentation  rates. 


Sedimentation  Rate 

cm.  X  10""/sec./dyne 

Isoelectric 

Location 

Animal 

at  20° 

M.W.  Gale. 

Point 

of  Pigment 

Hemoglobins 

Mammals 

corpuscles 

rabbit 

4.4 

7.3 

horse 

4.41 

68,000 

6.92 

cow 

4.3 

7.22 

man 

4.48 

7.07 

Birds 

corpuscles 

hen 

4.2 

7.23 

pigeon 

4.4 

7.23 

crow 

4.4 

Fish 

corpuscles 

Salmo 

4.1 

Cyprinus 

4.4 

6.45 

Tautoga 

4.2 

7.45 

Opsanus 

4.3 

Gasterosteus 

4.5 

Raja 

4.3 

Amphibians 

corpuscles 

Bufo  viridis 

4.8 

7.4 

Rana  temporaria 

4.5 

Salamandra 

4.8 

7.0 

Reptiles 

corpuscles 

Chrysemis 

4.5 

7.0 

Lacerta 

4.6 

7.1 

Chamaeleon 

4.6 

Cyclostomes 

corpuscles 

Lampetra 

1.87 

19,100 

5.6 

" 

Myxine 

2.3 

23,100 

" 

Polychaetes 

Nereis 

58.6 

5.1 

plasma 

Arenicola 

57.4 

3,000,000 

4.56 

" 

Pectinaria 

54 

" 

Polymnia 

57 

" 

Glycera 

3.5 

corpuscles 

Notomastus 

2.1 

" 

Leeches 

Hirudo 

58 

5.01 

plasma 

Oligochaetes 

Lumbricus 

60.9 

2,946,000 

5.28 

" 

Eisenia 

63 

" 

Crustacea 

Daphnia 

16.3 

422,000 

" 

Athelques 

19.3 

" 

Diptera 

Chironomus 

2.0 

31,400 

5.4 

Gastrophilus'"  ' 

2.5 

34,000 

6.0 

tracheal  cells 
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TABLE  53  (continued).   SEDIMENTATION  RATE  IN  CM.  x   10-"/SEC./DYNE 

REDUCED  TO  20°  IN  WATER  AS  DETERMINED  BY  ULTRACENTRl- 

FUGATION;  CALCULATED  MOLECULAR  WEIGHTS  AND 

ISOELECTRIC  POINTS  OF  BLOOD  PIGMENTS 

Data  from  Svedberg  and  Pedersen^'"  and  others. 

Figures  in  parentheses  represent  secondary  and  lower  sedimentation  rates. 


Sedimentation  Rate 

Animal 

cm.  X  10-"/sec./dyne 

Isoelectric 

Location 

at  20° 

M.W.  Gale. 

Point 

of  Pigment 

Gastropods 

Planorbis 

33.7 

1,539,000 

4.77 

plasma 

Lamellibranchs 

Area 

3.5 

33,600 

5.8 

corpuscles 

Holothuroidea 

Thyone 

2.6 

" 

Chlorocruorins 

Polychaetes 

Sabella 

53 

sev.  million 

plasma 

Serpulid 

59 

Hemerythrin 

Sipunculids 

corpuscles 

Sipunculus^^^ 

66,000 

5.85 

Hemocyanins 

Amphineura 

plasma 

Tonicella 

61 

Gastropods 

plasma 

Paludina 

97 

4.71 

Buccinium  undatum 

102.1 

4.61 

Busycon  canaliculatum 

130.4,  101.7 

4.49 

Helix  pomatia 

98.9(62)  (16) 

6,680,000 

5.3,5.0 

Helix  arbustorum 

91.2(64.1) 

Helix  nemoralis 

101  (65) 

Helix  hortensis 

100(61.9) 

Limax  maximus 

136(97.3) 

Littorina  littorea 

99.7 

4.34 

Neptunea  antiqua 

104 

Cephalopods 

plasma 

Loligo  vulgaris 

56.7 

Rossia  owenii 

56.2 

3,316,000 

Sepia  officinalis 

55.9(18.7) 

Octopus  vulgaris 

49.3 

2,785,000 

4.7 

Eledone  moschata 

49.1 

2,791,000 

Eledone  cirrosa 

48 

4.6 

Arthropods 

plasma 

Limulus 

34.6  (56.6,  16.1,  5.9) 

1,300,000 

6.4 

Euscorpionis 

34 

Crustacea 

plasma 

Pandalus 

17.4 

397,000 

Palinurus"* 

16.4 

447,000 

4.6 

Squilla 

24 

Homarus 

22.6 

803,000 

4.95 

Nephrops 

24.5 

4.64 
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TABLE  53  (continued).    SEDIMENTATION  RATE  IN  CM.   x    IQ-" /SEC. /DYNE 

REDUCED  TO  20°  IN  WATER  AS  DETERMINED  BY  ULTRACENTRT 

FUGATION;  CALCULATED  MOLECULAR  WEIGHTS  AND 

ISOELECTRIC  POINTS  OF  BLOOD  PIGMENTS 

Data  from  Svedberg  and  Pedersen""  and  others. 

Figures  in  parentheses  represent  secondary  and  lower  sedimentation  rates. 


Sedimentation  Rate 

Animal 

cm.  X  10''Vsec./dyne 

Isoelectric 

Location 

■ 

at  20° 

M.W.  Calc. 

Point 

of  Pigment 

Astacus 

23.3  (16.3) 

4.93 

Maja 

27 

Cancer 

23.6  (16.4) 

Carcinus 

23.3  (16.7) 

4.65 

Calocaris 

34 

large  molecules  might  be  made  of  units  each  of  a  molecular  weight  of  approxi- 
mately 34,500. 

Table  53  also  gives  the  isoelectric  points  of  different  hemoglobins  as  deter- 
mined cataphoretically.^^'*  In  general  the  invertebrate  pigments  (erythrocru- 
orins)  have  a  lower  isoelectric  point  than  the  vertebrate  hemoglobins. 

Summary.  Hemoglobins  are  derived  from  widely  distributed  hemochromo- 
gens.  The  heme  is  similar  in  all  of  them  except  for  slight  differences  in 
absorption  bands  in  certain  worms  and  holothurians.  Species  differences  in 
the  proteins  are  indicated  by  crystallographic  properties  (Ch.  4),  solubilities, 
molecular  size  and  isoelectric  points. 

Chlorocruorin.  Chlorocruorin,  the  green  iron-containing  blood  pigment 
of  the  sabellid  and  serpulid  worms,  has  a  porphyrin  which  differs  from  heme. 
Oxychlorocruorin  of  Spirographis,  reduced  chlorocruorin,  and  carboxychloro- 
cruorin  show  maximum  absorption  bands  toward  the  red,  compared  with 
analogous  hemoglobin  bands  (Table  52).'^"  The  iroa  content  of  Spirographis 
chlorocruorin  is  1.27  per  cent.''"  The  amino  acid  composition  of  the  protein 
is  different  from  the  composition  in  hemoglobins. 

In  molecular  size,  as  judged  by  sedimentation  rate,  chlorocruorin  is  similar 
to  the  hemoglobins  carried  in  solution  in  plasma,  with  molecular  weights  of 
several  million  (Table  53).  The  affinity  of  chlorocruorin  for  carbon  monoxide 
(some  570  times  that  for  oxygen)  exceeds  the  CO  affinity  of  any  hemoglobin 
tested. *""  As  with  hemoglobin,  two  atoms  of  oxygen  combine  per  atom  ol 
iron.''^ 

Hemerythrin.  Hemerythrin  contains  iron,  but  the  pigment  is  not  a  porphy- 
rin. The  iron  content  of  Sipuncidtis  hemerythrin  is  1.017  per  cent.^'^*^  Heme- 
rythrin fails  to  show  sharp  absorption  bands  like  those  of  hemoglobin  and 
chlorocruorin.  Roche  prepared  brown-violet  crystals  from  Sipiinctdiis  midus 
hemerythrin  which  in  oxy-form  has  an  absorption  peak  at  493  m/x  and  absorbs 
increasingly  toward  the  shorter  wave  lengths  (425  to  290  m/x.).  In  Phascolo- 
sonia  there  are  broad,  indefinite  bands  with  maxima  around  350  to  500  m/x. 
in  oxyhemerythrin  and  in  the  violet  in  reduced  hemerythrin;'*^''  different 
maxima  were  reported  for  Lingida.'^-''  It  is  probable,  therefore,  that  the  heme- 
rythrins  differ  considerably  among  different  species.  Hemerythrin  is  similar 
in  molecular  weight  to  mammalian  hemoglobin.''^'    The  isoelectric  point  of 
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TABLE  54.  CHARACTERISTICS  OF  BLOODS  CONTAINING  HEMOCYANIN. 
AND  COPPER  CONTENT  OF  SEA-WATER 

Copper  content  in  mg./lOO  cc.  of  blood  (data  from  Dhere,  quoted  by  Elvehjem"),  per  cent 

copper  in  purified  hemocyanin  (data  from  Hernler  and  Philippi,  quoted  by 

RedfieWO,  and  oxygen  capacity  (data  from  Redfield'"  et  al.). 


Cu  in  Blood 

Cu  in  Hey, 

Total  O. 

mg./lOO  cc. 

% 

cap.,  vols  % 

Cephalopods 

Octopus  vulgaris 

23.5-28.5 

0.25 

3.1-4.5 

Sepia  officinalis 

23.7 

Loligo  pealei 

24.9 

0.26 

3.8-4.5 

Gastropods 

Helix  pomatia 

6.5-11.5 

0.24 

1.15-2.2 

Helix  aspersa 

1.2 

Busycon  canaliculatum 

0.245 

2.1-3.3 

Xiphosura 

Limulus  polyphemus 

8.1 

0.173 

0.74-2.7 

Crustacea 

Astacus  fluviatilis 

7.0-8.0 

2.4 

Palinurus  vulgaris 

9.5 

0.148™ 

1.4-1.8 

Homarus  vulgaris 

9-10 

0.187 

4.1-14''" 
3.0=^ 

Cancer  pagurus 

5-6 

1.6-2.3 

Carcinus  maenas 

9.0 

1.1-1.2 

Maja  squinado 

3.5 

.84-1.75 

Squilla  mantis 

6.1 

Cu,  mg./lOOcc. 

Sea  water 

0.00001 

Sipunculus  hemerythrin  is  pH  5.85.  One  molecule  of  oxygen  combines  with 
three  atoms  of  iron  in  hemerythrin. "- 

Hemocyanin.  Hemocyanin  is  a  protein  with  a  prosthetic  group  containing 
sulfur  and  copper;  the  prosthetic  group  is  probably  in  part  a  polypeptide.'^^ 
Table  54  gives  the  copper  content  of  several  hemocyanin  bloods  and  of  purified 
hemocyanin.  The  copper  content  of  molluscan  hemocyanins  is  higher  than 
that  of  crustacean  hemocyanins.'-'-  ''^^  In  general  the  copper  content  of  the 
blood,  and  hence  its  hemocyanin  content  in  such  active  animals  as  Octopus, 
Sepia,  and  Loligo,  is  much  higher  than  that  of  the  more  sluggish  forms  (Table 
54).  Higher  hemocyanin  content  is  correlated  with  higher  oxygen  capacity. 
The  concentration  of  copper  by  hemocyanin-containing  animals  is  remarkable, 
since  ocean  water  contains  only  10  milligrams  per  cubic  meter."" 

One  molecule  of  oxygen  combines  with  a  quantity  of  hemocyanin  contain- 
ing 2  atoms  of  copper.  The  copper  is  normally  cuprous,  but  it  can  be  oxidized 
by  permanganate,  and,  unlike  methemoglobin,  methemocyanin  can  still  be 
oxygenated.  Ferricyanid,e  cannot  be  used  to  drive  off  Oo  from  hemocyanin,  as 
is  done  with  hemoglobin. ^^  The  affinity  for  CO  is  one-twentieth  as  great  as 
the  affinity  for  02.''^  The  rate  of  dissociation  of  oxyhemocyanin,  compared 
with  the  rate  of  dissociation  of  oxyhemoglobin,  is  similar  in  Maja  and  slower 
in  Limnlus  (Table  51)."'' 

Heipocyanin  does  not  show  sharp  absorption  bands  like  those  of  hemo- 
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globin,  but  rather  absorbs  broadly.  It  shows  much  colloidal  scattering  (Tyndall 
effect),  and  when  this  is  subtracted  from  the  total  absorption  it  is  seen  that 
maximum  absorption  for  several  species  lies  between  550  and  600  m/i,.  In 
addition  there  is  absorption  in  the  ultraviolet  which  may  be  associated  with  the 
prosthetic  group  (see  Redfield^-^  for  discussion). 

Measurements  of  the  sedimentation  constants  made  with  the  ultracentrifuge 
indicate  that  the  molecule  of  hemocyanin  may  occur  in  several  different  sizes. ^^ 
As  shown  in  Table  53,  two  genera  of  the  Malacostraca,  Pandahis  and  Pal- 
inurus,  have  a  sedimentation  constant  of  16,  whereas  two  others,  Nephrops 
and  Homariis,  have  a  sedimentation  constant  of  23;  Astacus,  Cancer,  and 
Carcinus  show  both  of  these  sedimentation  constants;  that  is,  the  molecules 
are  of  two  aggregation  sizes.  The  molecular  weight  corresponding  to  the 
sedimentation  constant  of  16  is  360,000,  and  that  corresponding  to  the  constant 
of  23  (Hoviarus)  is  640,000.  Hemocyanin  from  Liniulus  shows  four  sedimenta- 
tion constants,  the  principal  one  corresponding  to  a  molecular  weight  of 
1,300,000.  In  general,  the  sedimentation  constants  of  molluscan  hemocyanins 
are  much  higher  than  those  of  hemocyanins  of  arthropods.  For  example,  the 
molecular  weight  of  hemocyanin  is  2,785,000  in  Octopus,  3,316,000  in  the 
squid,  and  6,630,000  in  a  snail  (He/ix).'^'*  Hemocyanin,  which  always  occurs 
free  in  solution  in  the  blood,  has  much  larger  molecular  weights  than  the  pig- 
ments which  are  contained  in  corpuscles.  There  is  some  evidence  (see  Red- 
field^-^  for  summary)  that  the  large  molecules  are  aggregates  of  units  each 
containing  8  atoms  of  copper  (4  oxygen  equivalents). 

Many  animals  having  hemocyanin  as  the  blood  pigment  nevertheless  have 
myoglobin  in  their  muscles.  The  odontophore  retractor  of  Bxisycon,  for 
example,  contains  more  myoglobin  than  does  dog  heart  muscle.^ 

Vanadium  Chromogens.  Many  ascidians  are  rich  in  a  green  pigment  con- 
taining vanadium,  of  which  at  least  80  per  cent  is  in  the  blood. ''^^'  ^^^'  The 
vanadium  content  varies  from  0.04  per  cent  of  the  total  dry  weight  in  Ciona 
intestinalis  to  0.186  per  cent  in  Ascidia  ntentida.  This  is  a  remarkably  selective 
concentration  of  vanadium  from  sea  water,  which  contains  only  0.3  to  0.6 
milligrams  per  cubic  meter.  Webb^'*''  found  that  among  the  various  families 
and  genera  of  ascidians,  vanadium  is  lacking  in  the  more  primitive  Larvacea 
and  Thaliacea;  it  is  present  in  the  plasma  of  the  Cionidae  and  Diazonidae  and 
in  special  blood  cells,  vanadocytes,  in  several  families,  including  Ascidiidae 
and  Perophoridae,  and  apparently  the  element  has  been  lost  in  the  higher 
groups,  such  as  Styelidae,  Molgulidae,  and  Clavelicinidae. 

The  vanadocytes  are  about  8  micra  in  diameter  and  constitute  1.2  per  cent 
of  the  total  blood  volume  or  60  per  cent  of  the  total  blood  cells  in  some 
Ascidiidae.^^*^  The  vanadium  is  present  in  these  cells  as  a  chromogen  which 
apparently  consists  of  a  chain  of  pyrrol  rings;  it  is  not  a  protein  and  it  is  not 
a  porphyrin  compound.  The  vanadium  is  kept  in  a  reduced  form  by  the. 
presence  of  a  high  concentration  of  H0SO4.  Titration  of  the  whole  blood 
showed  a  total  acidity  of  0.022  N  and  that  of  cytolyzed  corpuscles  showed  an 
acidity  of  1.83  N  or  9  per  cent  H2S04.'^''''  The  oxidation  potential  of  the 
vanadium  chromogen  is  too  low  for  it  to  be  of  use  physiologically  in  respiration. 
Furthermore,  various  reducing  agents  are  not  oxidized  more  rapidly  by  air 
in  the  presence  of  vanadocytes  than  in  their  absence.  Henze**"  suggested  that 
the  vanadium  might  be  necessary  for  the  synthesis  of  tunicin,  the  material  of 
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the  test.  However,  Webb  pointed  out  that  some  tunicates  which  lack  vana- 
dium still  produce  tunicin.  It  appears  certain  that  the  vanadium  in  tunicate 
blood  has  no  respiratory  function. 

OXYGEN  TRANSPORT  BY  BLOOD  PIGMENTS 

Function  of  Hemoglobin 

Oxygen  Capacity.  The  first  requisite  of  an  oxygen  transporter  is  ability  to 
combine  with  enough  oxygen  to  supply  the  needs  of  the  animal.  The  oxygen 
capacity  is  the  measure  of  the  amount  of  oxygen  combined  with  blood  or  with 
blood  cells  when  they  are  saturated.  It  is  usually  expressed  as  volumes  per  cent 
of  oxygen  in  whole  blood  or  cells,  and  is  determined  by  measuring  the  amount 
of  oxygen  combined  after  the  blood  sample  is  saturated  with  air.  In  experi- 
mental equilibration  of  some  blood  cells,  particularly  of  nucleated  erythrocytes, 
the  amount  of  oxygen  consumed  by  the  cells  is  considerable  and  must  be  taken 
into  account.  The  oxygen  capacity  depends  largely  on  the  amount  of  hemo- 
globin or  other  pigment  in  the  blood  or  blood  cells. 

Table  55  shows  the  oxygen  capacity  of  the  blood  of  a  number  of  animals. 
The  oxygen  capacity  of  the  blood  of  mammals  and  birds  is  usually  between  15 
and  20  volumes  per  cent.  In  some  but  not  all  of  the  diving  mammals  (seal,  sea 
lion,  porpoise),  the  cells  have  unusually  high  Oo  capacity.  Also  the  llama,  even 
at  sea  level,  has  a  high  O2  capacity.  Among  cold-blooded  vertebrates  the  O2 
capacities  are  lower,  usually  between  5  and  12  volumes  per  cent.  In  a  few 
fishes  which  inhabit  sluggish,  acid  ponds  and  can  resort  to  air  breathing  (hassa 
and  electric  eel),  unusually  high  O2  capacities  have  been  reported. ^^'^  Among 
the  invertebrates  the  O2  capacity  also  corresponds  to  the  amount  of  respiratory 
pigment.  Individual  variation  within  a  species  is  great.  Where  there  is  a 
significant  amount  of  pigment,  as  in  Arenicola,  Urechis,  Spirographis,  Caii- 
dina,  Octopus,  Loligo,  and  a  few  others,  the  oxygen  capacity  of  the  blood  is 
roughly  ten  times  as  much  as  it  would  be  without  the  pigment.  In  many 
other  animals  the  blood  at  equilibrium  with  air  holds  only  about  0.5  to  2 
volumes  per  cent.  Sea  water  dissolves  0.538  volumes  per  cent  of  oxygen  at  20° 
when  saturated  with  air.^^ 

Oxygen  Dissociation  Curve.  In  no  animal  is  the  blood  exposed  directly  to 
atmospheric  tensions  of  oxygen  (150  mm.  Hg).  Most  respiratory  pigments 
become  saturated  at  much  lower  oxygen  tensions.  The  most  important  differ- 
ences among  the  hemoglobins  of  different  animals  are  in  the  tensions  at  which 
they  load  and  unload  oxygen.  These  tensions  determine  the  range  of  useful- 
ness of  a  particular  pigment. 

In  the  lungs  of  man  the  blood  is  exposed  to  oxygen  at  a  partial  pressure  of 
approximately  100  mm.  Hg.  When  the  blood  leaves  the  lungs  it  carries  19 
volumes  per  cent  of  oxygen  at  80  mm.  Hg  and  96  per  cent  of  its  hemoglobin 
is  saturated.  In  the  capillaries  the  blood  passes  through  tissues  where  the 
oxygen  pressure  is  low  (5-30  mm.  Hg).  Here  25  to  30  per  cent  of  the  oxygen 
is  unloaded,  and  venous  blood  returning  to  the  heart  carries  14  volumes  per 
cent  of  oxygen  at  about  40  mm.  Hg  pressure. 

The  relation  of  the  oxygen  held  by  the  hemoglobin  and  the  partial  pressure 
of  oxygen  is  best  seen  by  plotting  the  per  cent  saturation  of  the  hemoglobin 
against  oxygen  tension,  the  so-called  oxygen  dissociation  curve.   This  curve  is 
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0.  Cap. 

CO2  Tension 

Voh 

.% 

Animal 

in  mm.  Hg, 

Temp. 

tl/.8:it 

tsat 

100  cc. 

lOOcc. 

or  pH 

CO 

mm.  Hg 

mm.  Hg 

Blood 

Cells 

Mammals 

man^^'.  ''■  ^^  '■  ™-  '-  ■■'' 

""   40  mm.  CO. 

38" 

26 

89-90 

20 

45.5 

horse'^ 

16.7 

sheep'-'  "" 

40  mm.  CO. 

39° 

37 

15.9 

41 

rabbit^" 

15.6 

30.2 

dog-'  - 

pH7.1 

37" 

29.4 

85-90 

21.8 

32.7 

fox«^ 

40  mm.  CO2 

37.5" 

37 

21.7 

44 

mouse'"' ^ 

40  mm.  CO. 

38" 

72 

cat''^ 

pH6.8 

50 

marmot'^ 

40  mm.  CO2 

38° 

23.8 

^  mink^" 

23.9 

beaver"" 

17.7 

40 

seaP" 

40  mm.  CO. 

38" 

31 

29.3 

61.3 

sea  lion*' 

44  mm.  CO. 

38" 

40 

19.8 

68.0 

porpoise"" 

46  mm.  CO. 

38° 

30 

20.7 

llama'- 

43  mm.  CO. 

38" 

22 

23.4 

vicuna'- 

17.5 

Birds 

pigeon'^^'  ^* 

40  mm.  CO2 

37.5° 

35 

>90 

20 

40 

"          2J 

pH7.1 

37.5° 

40 

80 

pheasant"" 

pH7.1 

37.5° 

50 

100 

duck^^'  "^ 

pH7.1 

37.5° 

50 

90 

12.3 

duck'^" 

40  mm.  CO. 

37.5" 

42 

17 

chicken--"'  "' 

pH7.1 

37.5" 

50 

80 

31  mm.  CO. 

38° 

58 

90-lOU 

10.5 

goose-"'  '■'■ 

pH7.1 

37.5° 

45 

80 

"     ^•''^ 

50  mm.  CO. 

42" 

37.5 

19.8 

crow'^ 

40  mm.  CO. 

42° 

53 

17 

40 

sparrow"" 

14.5 

39 

Reptiles 

Pseudemys  concinna 

'"   40  mm.  CO. 

25° 

19.5 

90 

6.6-10.8 

50 

Pseudemys  troostii'" 

■■      34  mm.  CO. 

25° 

26 

86 

6.7 

elegans' 

'     27  mm.  CO. 

25° 

28 

91 

scripta"' 

pH7.4 

25.5° 

15.8 

Chrysemis  picta'^" 

pH7.4 

25.5° 

15 

Terrapene  Carolina' ' 

pH  7.4 

25.5° 

12.0 

Chelonis  mydas"' 

pH7.4 

25.5° 

19 

45 

Caretta  caretta"" 

pH7.4 

25.5° 

28.5 

Chelydra 

serpentina""   '* 

pH7.4 

25.5° 

14 

29 

Crocodilus  acutus'" 

pH7.2 

29° 

38 

8-10 

43 

alligator"' 

42  mm.  CO. 

29° 

28 

84 

6.7 

"                        hi 

9.9-15.3 

83 

Heloderma"" 

37  mm.  CO. 
pH  7.32 

20" 

31 

70 

7.6 

Amphibians 

Rana  esculenta 

(adult)"-  '" 

pH7.3 

25° 

27 

70 

9.8 

"                    12U 

13.5-23 

33 

Rana  esculenta 

(tadpole)"-  "' 

pH  7.38 

25" 

7 

>38 

7.8 

Bufo"''  "' 

" 

" 

30 

>65 
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O2  Cap. 

Vols.  % 

CO2  Tension 

Animal 

in  mm.  Hg, 

Temp. 

ti/2  aat 

tsat 

100  cc. 

100  cc. 

or  pH 

("C.) 

mm.  Hg 

mm.  Hg 

Blood 

Cells 

Desmognathus"^'  '" 

" 

" 

5 

45 

Triturus'"'  '" 

" 

" 

7.5 

>42 

Cryptobranchus"-  "' 

18 

48 

Amphiuma'"'  '"•  "= 

15 

>51 

2.5-8.4 

25 

Fish 

carp'" 
catfish'^ 

1-2  mm.  CO2 

15° 

5 

17 

11.3 

0-1  mm.  COo 

" 

1.4 

18 

bowfin" 

0-1 

" 

4 

19 

brook  trout^^ 

1-2 

" 

17 

15 

rainbow  trout^^ 

1-2 

" 

18 

common  trout"" 

0-3 

15 

sucker'" 

1-2  mm.  CO2 

15° 

12 

53 

Atl.  salmon  (F.W.)" 

1-2 

" 

19 

"     "     (Brackish) 

2     "           " 

" 

23 

eel  CS.W.)'"*'  '*' 

0.3  mm.  CO2 

17° 

4 

25 

10.2-15.6 

35 

paku'^ 

0  mm.  CO2 

28° 

12 

70 

10.78 

baiara'^ 

" 

" 

8 

10.22 

haimara'^ 

" 

" 

8 

6.53 

bom-bom'°^ 

" 

" 

11 

10.6 

hassa'^ 

" 

" 

20 

18.18 

electric  eel'^ 

" 

" 

12 

19.75 

tautog"" 

pH  7.38 

25° 

6.0 

9.32 

plaice'"' 

0.3  mm.  CO2 

16.5° 

12 

cod'"''  -^ 

<0.3mm.CO2 

14° 

15 

6.5-7.8 

toadfish'^ 

1  mm.  CO2 

20° 

14 

6.2 

32 

"               73 

pH  7.38 

25° 

3-4.4 

scup'^"'  '^^ 

" 

" 

6.4 

80 

7.3 

23 

mackereP'' 

1  mm.  CO2 

20° 

16 

15.77 

"            73 

pH  7.38 

25° 

18 

80 

sea  robin'^^ 

1  mm.  CO2 

20° 

16 

7.66 

32 

tr          It        73 

pH  7.38 

25° 

21 

goosefish"^ 

5.07 

33 

sting  ray"^ 

pH7.4 

25° 

13-15 

bonnet  nose  shark'" 

" 

7 

Raja" 

pH  7.38 

25° 

26 

"       35 

1  mm.  CO2 

25° 

45 

170 

4.2-5.7 

30 

Sand  shark''^" 

pH7.4 

25° 

7.6 

Mustelus" 

1  mm.  CO2 

25° 

7 

Hemogl 

abin 

Invertebrates 

Arenicola" 

pH7.3 

1.8 

7 

5.7-8.7 

"              flO,  18 

0  mm.  CO2 
1%  CO2 

17° 

17° 

1.8 
2.6 

8.4-9.7 

Glycera"' 

2.6-3.0 

Tubifex"" 

0  mm.  CO2 

17° 

0.6 

Planorbis'<" 

0  mm.  CO2 

20° 

7 

11 

0.9-1.5 

n           00 

" 

17° 

1.9 

15-20 

Cardita'"" 

0.9-1.12 

Pectunculus'"' 

0.7-1.12 

Daphnia™ 

0  mm.  CO2 

17° 

3.1 

Ceriodaphnia™ 

0  mm.  CO2 

17° 

0.8 
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TABLE  55  (continued).  RESPIRATORY  CHARACTERISTICS  OF  BLOOD 


O2  Cap. 

COo  Tension 
in  mm.  Hg, 

Temp. 

t,/2sat 

tsat 

Vols.  % 

Animal 

100  cc. 

100  cc. 

or  pH 

(°C.) 

mm.  Hg 

mm.  Hg 

Blood 

Cells 

Chironomus^"^ 

" 

17° 

0.2 

6 

"                   60 

" 

" 

0.6 

Gastrophilus"" 

39° 

4.9 
(concent.) 

0.02 
(dilute) 

Caudina"'' 

<40 

6.1 

Anadara"* 

10 

40 

5.1 

^ippostrongylus^'' 

19° 

<0.1 

Hemerythrin 

Urechis'^-" 

8.6  mm.  CO2 

19° 

12.3 

75-88 

2.7-7.2 

9.3-17 

Phascolosoma''' 

19° 

8 

Sipunculus^" 

.07-80mm.CO2 

19° 

8 

30 

Chlorocruorin 

Spirographis"^^ 

pH7.7 

20° 

27 

40 

9.1 

Hemocyanin 

Sepia^"^' 

2.3  mm.  CO2 

25° 

14 

32 

Loligo^" 

0  mm.  CO2 

23° 

36 

94 

3.8-4.5 

Octopus'™'  '"'•  =" 

0.6  mm.  CO2 

25° 

3 

7 

3.9-5.0 

Busycon'"^ 

13.5  mm.  CO2 

23° 

6 

2.1-3.3 

Helix  (winter)^"^ 

pH  8.2 

20° 

11 

42 

(summer)'"^ 

0  mm.  CO2 

20° 

12 

40 

1.1-2.2 

Limulus^== 

0  mm.  CO2 

11 

30-40 

.74-2.7 

"              121 

pH7.7 

13 

Palinums"' 

1.43-1.48 

Maja"^ 

.84-1.75 

Homarus^ 

pH7.2 

90 

200 

3.0 

"             122.    24 

1.9 

Callinectes^'^'^ 

1.29 

Cancer^"" 

0  mm.  COo 

23° 

12 

1.4 

"           20 

1.6-2.3 

Astacus=* 

2.4 

No  Pigment 

Mytilus'"'" 

.318 

Asterias'""" 

.46 

fresh-water  mussels^" 

.39 

honeybee  larva" 

.70 

Sea  water™ 

25° 

.49 

not  usually  a  hyperbola  as  it  would  be  if  one  molecule  of  O2  always  com- 
bined with  a  single  hemoglobin  molecule;  actually  the  four  atoms  of  iron  in 
hemoglobin  may  combine  with  four  or  with  less  than  four  molecules  of  oxygen. 
The  sigmoid  shape  of  the  dissociation  curve  (Fig.  67)  is  due  in  part  to  the 
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variable  number  of  iron  units  combining  with  oxygen,  to  the  interaction  be- 
tween groups,  and  in  part  to  the  effects  on  hemoglobin  of  other  components  of 
the  blood  such  as  the  blood  salts.  Purified  hemoglobin  gives  a  more  nearly 
hyperbolic  oxygen  dissociation  curve  than  does  hemoglobin  in  blood  or  in  the 
presence  of  blood  salts.  The  Oo  dissociation  curve  of  muscle  hemoglobin  is 
more  nearly  hyperbolic  than  that  of  blood  hemoglobin,  and  it  lies  to  the  left 
of  the  blood  curve;  that  is,  myoglobin  has  a  greater  oxygen  affinity  than  blood 
hemoglobin  and  can  take  oxygen  from  it.  Dog  myoglobin  is  only  40  per  cent 
dissociated  at  5  mm.  of  Oo;  the  blood  hemoglobin  is  95  per  cent  dissociated 
at  this  tension. '^^  Except  at  moments  of  stress,  myoglobin  remains  saturated. 

The  oxygen  tension  at  which  the  pigment  is  95  per  cent  or  more  saturated 
is  called  the  loading  tension  (ti)  or  tension  of  saturation  (tsat);  the  oxygen 
tension  at  which  the  pigment  is  50  per  cent  saturated,  that  is,  when  Hb  equals 
HbOo,  is  the  unloading  tension  (tu)  or  tension  of  half  saturation  (ti/o  sat)- 
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Fig.  67.  Oxygen  dissociation  curves  in  per  cent  saturation  of  hemoglobin  as  a  function 
of  oxygen  pressure  in  mm.  Hg  in  a  variety  of  animals.   Data  assembled  by  Redfield."^ 


In  Table  55  the  ti/o  ^at  and  the  tsat  of  a  number  of  animals  are  compared 
under  nearly  physiological  conditions.  In  Figure  67  are  plotted  oxygen  dis- 
sociation curves  of  the  blood  of  some  animals  (pigeon,  crocodile)  in  which 
the  affinity  for  oxygen  is  low,  i.e.,  the  tj/o  sat  is  high,  and  of  other  animals 
(^Arenicola  and  eel)  which  have  a  great  affmity  for  oxygen,  i.e.,  the  ti/2  sat 
and  tsat  are  low.  In  Figure  68  similar  curves  are  plotted,  using  the  actual 
amount  of  oxygen  combined  in  volumes  per  cent  instead  of  per  cent  saturation 
as  ordinate.  From  the  data  of  Table  55  and  of  Figures  67  and  68,  it  is  apparent 
that  hemoglobins  differ  greatly  in  their  oxygen  affmity  and  in  the  amount  of 
oxygen  they  can  carry  when  saturated.  Unloading  tensions  set  the  upper 
limit  of  tissue  oxygen  tension  and  the  lower  limit  of  environmental  oxygen 
for  function  of  the  hemoglobin. 

In  the  bird  bloods  which  have  been  studied  the  affinity  for  O^  is  less  than  in 
man,  i.e.,  the  ti/2  sat  and  tsat   are   higher,   but   the   dissociation   curves   are 
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similar  in  shape.-''  '•'•''  In  a  duck  and  pigeon  the  difference  between  the  oxygen 
in  arterial  and  venous  blood  shows  a  utilization  of  60  per  cent,  compared  with 
27  per  cent  in  man.  In  the  turtle""*  44  per  cent  and  in  the  skate  Raja^^'  66  per 
cent  of  the  oxygen  is  removed  through  the  circulation.  In  a  general  way 
animals  which  make  quick  active  movements  (mouse,  cat)  have  higher  ten- 
sions of  saturation  and  half-saturation  with  oxygen  than  animals  which  are 
slow  and  steady  (dog).  Also  most  cold-blooded  aquatic  animals  have  dissocia- 
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Fig.  68.  Oxygen  dissociation  curves  in  volumes  per  cent  of  oxygen  combined  as  a 
function  of  partial  pressure  of  oxygen  in  mm.  Hg.  (1)  Arenicola  20°,  pH  4.9;  (2) 
mackerel  20°,  1  mm.  CO,;  (3)  man  38°,  pH  7.4;  (4)  pigeon  42°,  40  mm.  CO2;  (5) 
Amphiuma  20°,  43  mm.  CO.;  (6)  ray  10.4°,  pH  7.8;  (7)  Sipunculus  19°,  pH  7.7;  (8) 
Cancer  23°,  1  mm.  CO.;  (9)  Spirographis  20°,  pH  7.7.  Data  assembled  by  Florkin,™ 
except  data  lor  Spirographis  from  Fox."^' 


tion  curves  to  the  left  of  the  curves  of  warm-blooded  animals;  that  is,  the 
affinity  for  oxygen  of  the  hemoglobin  of  aquatic  animals  is  greater. 

Effect  of  Carbon  Dioxide.  When  carbon  dioxide  is  added  to  mammalian 
blood,  as  it  is  in  the  capillaries,  the  affinity  of  the  hemoglobin  for  oxygen  is 
reduced  and  the  dissociation  curve  moves  to  the  right  (the  Bohr  effect).  At 
high  CO2  tensions,  therefore,  the  oxygen  tension  at  which  hemoglobin  becomes 
saturated  with  oxygen  is  higher  than  it  is  at  low  COo  tensions.  In  the  tissues 
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at  a  given  Oo  tension  addition  of  CO:;  facilitates  unloading  or  reduction,  while 
in  the  lungs  as  CO^  is  given  off  the  uptake  of  O2  (oxygenation)  is  facilitated. 
The  effect  of  CO^  can  be  duplicated  by  lowering  the  pH  of  the  blood.  In 
Table  56  and  in  Figures  69,  70,  and  71,  the  effects  of  variations  in  CO^  tension 
or  in  pH  on  the  t]/2  sat  of  the  bloods  of  several  animals  are  compared.  In 
aquatic  animals  (e.g.,  fish),  the  CO2  effect  on  the  dissociation  curve  is  greater 
than  it  is  in  terrestrial  animals  (particularly  mammals).  This  is  related  to  the 


LOGp, 


SOX     SAT. 


Fig.  69.   Effect  of  pH  on  log    ti/2  s^t  of  the  blood  of  several  animals. 
Data  assembled  by  Redfield.^"^ 


fact  that  the  normal  CO2  tension  in  blood  of  aquatic  animals  is  much  lower. 
Also  aquatic  animals  which  live  in  stagnant  water  usually  have  hemoglobin 
which  is  less  sensitive  to  COo  than  is  that  of  animals  inhabiting  fast  moving 
waters. 

Effect  of  Temperature  Changes.  A  rise  in  temperature  also  shifts  the  oxygen 
dissociation  curve  to  the  right.  If  the  blood  of  a  frog  is  warmed  to  35°  C.  its 
O2  dissociation  curve  is  far  to  the  right  of  man's,  whereas  at  15°  human  blood 
remains  saturated  at  low  tensions,  hence  would  be  of  little  use  as  a  carrier. 
The  temperature  effect  on  ti/2  sat  in  the  frog  is  about  twice  as  great  as  it  is  in 


man.^*^"    1  he  effects  of  variations  in  temperature  on  tj^ 


are  shown  in 


Figures  72,  73,  and  74.  Both  the  CO2  effect  and  the  temperature  effect  are  of 
considerable  ecological  importance. 

Effect  of  Altitude.  At  high  altitudes  the  hemoglobin  content  and  the  red 
cell  count  increase  in  man  so  that  the  oxygen  capacity  of  the  blood  becomes 
elevated  (Table  57).  The  tensions  for  half-saturation  of  the  hemoglobin  do 
not  change  significantly  when  measured  at  a  constant  pH  in  man  acclimatized 
to  high  altitudes;"*-  i.e.,  the  nature  of  the  hemoglobin  is  not  altered.   Physio- 
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logically,  however,  after  acclimatization  there  is  a  fall  in  alkaline  reserve  or 
acid-binding  material  so  that  CO^  eflects  are  more  marked  and  the  tj/o  sat  of 
the  hemoglobin  may  actually  increase  (up  to  about  14,000  ft.  altitude).'"' 

Table  57  also  shows  that  the  red  cell  count  and  hematocrit  index  of  acclima- 
tized sheep  and  rabbits  are  elevated,  but  in  the  native  llama  and  vicuna  blood 
counts  are  not  much  different  at  sea  level  and  in  the  mountains.'^-  The  oxygen 
dissociation  curves  of  llama  and  vicuna  lie  to  the  left  of  those  of  their  sea  level 
relatives,  and  the  bloods  of  the  ostrich  and  huallata  are  also  saturated  at  lower 
tensions  than  are  the  bloods  of  other  birds.  Hence  these  native  species  appear 
to  have  hemoglobin  of  high  Oo  affinity.  Dogs  reared  at  14,890  feet  altitude 
have  60  to  70  per  cent  more  myoglobin  in  their  muscles  than  do  dogs  at  sea 
level, ■'^•'*  although  in  dogs  kept  at  18,000  feet  for  6  hours  daily  during  several 
months  the  hematocrit  index  rose  by  70  per  cent,  but  the  myoglobin  was 
unchanged. ^^ 


PARTIAL     PRESSURE      CO. 


Fig.  70.  Effects  of  CO2  on  the  O-  tension  tor  half  saturation  ot  blood:  •  man,  Bock, 
Field,  and  Adair'';  O  man,  A  seal,  Irving  et  al.'''*;  X  fox,  Irving  et  al.""*;  -\-  goose,  Wastl 
and  Leiner.^'' 


Hemoglobin  of  Embryos.  Barcroft  and  his  associates^  found  that  the  oxygen 
dissociation  curve  of  mammalian  embryos  is  steeper  than  that  of  adults  and 
lies  to  the  left  of  the  normal  range.  The  maternal  curve,  on  the  other  hand, 
lies  to  the  right,  an  effect  which  is  largely  due  to  decreased  blood  pH  (Fig.  75). 
The  fetal  hemoglobin  differs  from  that  of  the  adult  in  loading  at  lower  oxygen 
tensions.'*^'  '"  Thus  fetal  hemoglobin,  which  is  made  largely  in  liver,  resembles 
the  hemoglobin  of  aquatic  animals  more  than  does  adult  hemoglobin,  which 
is  made  in  marrow.  The  embryo  is  adapted  by  its  low  tj/2  sat  to  life  at  lower 
oxygen  tensions. 

Similarly  in  incubating  chickens  the  hemoglobin  has  a  greater  affinity  for 
oxygen  than  it  has  in  the  hen.  The  dissociation  curve  moves  to  the  right  after 
hatching,  and  the  tension  for  50  per  cent  saturation  rises. ^'^  Young  birds  are 
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more  resistant  to  low  oxygen  than  older  birds  because  of  the  greater  affinity 

for  oxygen.'-"  ,      .  i  i 

The  blood  of  the  bullfrog  tadpole  becomes  saturated  with  oxygen  at  lower 
tensions  than  does  the  blood  of  the  adult  frog;  the  tadpole  dissociation  curve 
also  is  more  hvperbolic.  Changes  in  pH  alter  the  shape  as  well  as  the  position 
of  the  dissociation  curves  of  the  blood  of  the  frog  and  tadpole.^'-  In  the  tad- 
pole the  curve  moves  slightly  to  the  left  when  pH  is  decreased,  whereas  in  the 
adult  the  tensions  of  loading  and  unloading  are  raised  as  in  other  animals. 
Hemoglobin  of  terrapin  embryos  also  has  a  higher  Oo  affinity,  that  is,  a  lower 
t,.  o   „,  than  the  hemoglobin  of  adults."'^  Hemoglobins  of  embryos  m  general 
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Fig.  71.   Effects  of  CO^.  on  the  O,  tension  for  half  saturation  of  blood.   ©  alligator,  Dill 
and   Edwards";    O    t^ana   temporaria,    Rana   esctilenta,    Wolvekamp^*'';    A    toadfish,    + 
mackerel,   Root'";    *    carp,   Black   and   Irving'";   IX    bowfin,    ©    sucker,    p^    brook   trout, 
^  cathsh.  Black'"';  {J  paku,  Willmer.'" 


arc,  therefore,  functional  at  lower  oxygen  tensions  than  are  adult  hemoglobins. 
Relation  of  Blood  Pigments  to  Distribution  of  Amphibians  and  Fishes. 
C3xygen  dissociation  curves  for  a  number  of  amphibia  arc  shown  in  Figure 
76.  Those  genera  which  spend  much  of  their  time  on  land  show  oxygen 
dissociation  curves  to  the  right  of  the  curves  for  aquatic  forms;  i.e.,  the  loading 
tensions  are  higher  with  greater  availability  of  oxygen.  The  curve  of  Crypto- 
branchiis  may  represent  a  reversion  hom  land  to  water. "^  Similarly,  in  a  series 
of  seven  species  of  turtles,  the  terrestrial  box  turtle  has  the  lowest  oxygen 
affinity  (tj/^  hui=28.5  mm.  Hg),  whereas  aquatic  turtles    have    higher    O2 
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TABLE  56.  EFFECT  OF  CO>  OR  DECREASE  IN  pH  ON  THE  O.  TENSION  FOR 
HALF  SATURATION  OF  BLOOD  IN  SEVERAL  GROUPS  OF  ANIMALS 


Per  cent 

ti/L'  sat  at  low 

ti/L-  «iit  at  high 

increase  in 

Animal 

CO.. 

CO. 

tl/2  .at 

10  mm.  CO. 

40  mm.  COo 

Sear" 

25 

31 

24 

Man"" 

15 

25 

66 

Fox"** 

21* 

37 

76 

Goose^^^ 

24* 

35.7 

48 

Alligator" 

11 

28 

154 

Frog'- 

17 

49 

188 

V 

1-2  mm.  CO:; 

10  mm.  CO2 

Rana  esculenta'"' 

11 

17 

54 

Catfish^' 

1.4 

5 

256 

Bowfin''' 

4 

9 

125 

Carp"' 

5 

8 

60 

Sucker*" 

12 

43 

258 

Toadfish^^^ 

14 

33 

135 

Mackerel''" 

16 

52 

225 

Rainbow  trout**" 

18 

35 

94 

Brown  trout*' 

17 

39 

129 

Brook  trout*' 

17 

42 

147 

Atl.  salmon*'  (F.W.) 

19 

35 

84 

0  mm.  CO, 

25  mm.  CO. 

— 

Paku'-'"*  (fast  water) 

12 

55 

358 

Baiara^""*  (fast  water) 

8 

22 

175 

Bom-bom'^*  (slow  water) 

11 

13 

18 

Hassa'*  (slow  water) 

11 

20 

73 

Electric  eeP'*  (slow  water) 

12 

18 

50 

pH  7.38 

pH  6.8 

Rana  esculenta""  (adult) 

26 

32 

(tadpole) 

7 

5 

Toadfish'-^ 

3-3.4 

14 

Scup" 

6.4 

39 

Remora''' 

11 

53 

Mustelus'-' 

7 

12 

*  Extrapolated  values. 

affinities,  the  ti/^  sat  for  the  loggerhead  turtle  being  12.0  mm.  Hg  (Table 

The  properties  of  the  respiratory  pigments  of  Iish  are  important  in  limiting 
their  distribution.  In  Tables  55  and  56  are  shown  loading  and  unloading 
tensions  (t^at  and  ti/2  sat)  for  several  different  species.  Fish  such  as  the  trout, 
which  live  in  regions  of  high  oxygen,  require  higher  oxygen  tensions  for  satura- 
tion than  do  such  fish  as  the  catfish  and  carp,  whose  hemoglobin  loads  and 
unloads  at  low  oxygen  tensions.  Table  55  shows  that  the  oxygen  capacity  of 
these  different  species  is  similar,  despite  marked  differences  in  the  position  of 
their  O2  dissociation  curves.^** 

The  effect  of  COj  in  decreasing  the  affinity  of  hemoglobin  for  oxygen  tends 
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to  be  greater  in  the  lish  which  have  high  oxygen  tensions  of  loading  and 
unloading  (Table  56,  and  Fig.  71).  Krogh  and  Leitch^^i  noted  a  greater  CO2 
sensitivity  in  the  fresh-water  pike  and  carp  than  in  the  marine  cod  and  plaice. 
The  conclusion  of  more  recent  investigations^-^'  '^■^-  ^'^-^  is  that  differences  in  CO2 
sensitivity  are  not  related  to  marine  fresh-water  habitat  per  se,  but  represent 
true  hemoglobin  differences  of  different  species.  The  amount  of  oxygen  which 
can  be  taken  up  by  a  trout  in  the  presence  of  COo  is  less  than  the  amount 
which  can  be  taken  up  by  a  carp.  The  CO^  tension  to  which  gills  of  all  fish 
are  exposed  is  much  lower  than  alveolar  CO2,  and  the  hemoglobin  functions 
at  lower  CO2  levels  in  fish  than  in  terrestrial  animals.  A  trout  can  be  kept  in 
a  bottle  of  water  which  contains  ample  oxygen,  but  as  the  COo  in  the  water 
increases,  the  fish  is  unable  to  use  the  oxygen.  A  catfish,  on  the  other  hand, 
will  endure  tensions  of  CO2  at  400-500  mm.  Hg  for  long  periods.  Black  found 


TABLE  57.  RELATION  BETWEEN  ALTITUDE  AND  RED  CELLS, 

O.  CAPACITY,  AND  t,/^  ,„,  EOR  ACCLIMATIZED  ANIMALS 

Data  combined  from  Dill,^'^'  Hall,  Dill,  and  Barron,'-  Hall,™'  '' 

and  Keys,  Hall,  and  Barron"'' 


O2  Cap. 

Hct 

Altitude 

tl/2  s.lt 

Condition 

Vols. 

% 

Cells 

RBC 

Animal 

Blood 

Cells 

lOVmm.^ 

Man 

sea  level 
17,500  ft. 

25-28 

40  mm.  CO.  37 

7°    21.0 

45.7 

46 

5.0 

residents 

26.0 

40  mm.  CO,  37° 

30.7 

7.37 

transients 

23.5 

" 

25.1 

5.95 

sea  level 

26.9 

pH  7.1  37.5  = 

10,000  ft. 

residents 

28.7 

" 

transients 

27.8 

" 

sea  level 

19.9 

9,240  ft. 

transients 

21.63 

13,400  ft. 

transients 

22.69 

17,500  ft. 

transients 

29.21 

20,100  ft. 

transients 

24.90 

Sheep 

sea  level 

39.6 

40  mm.  CO2 

15.9 

45.5 

35.3 

10.5 

10,000  ft. 

40.5 

34  mm.  CO. 

18.7 

44.6 

41.5 

11.5 

15,420  ft. 

41.5 

37  mm.  CO. 

18.9 

38.8 

50.2 

12.05 

Rabbit 

sea  level 

31.6 

32.3  mm.  CO. 

15.6 

44.1 

35.4 

4.55 

17,500  ft. 

37.6 

21  mm.  CO. 

22.1 

39.4 

57.0 

7.00 

Viscacha 

12,000  ft. 

26.3 

30  mm.  CO. 

14.8 

46.6 

31.8 

7.12 

Vicuna 

sea  level 

17.5 

57.1 

30.5 

14.9 

9,240  ft. 

19.5 

43  mm.  CO. 

17.0 

57.1 

29.8 

14.1 

15,420  ft. 

20.9 

" 

18.2 

58.5 

31.9 

16.6 

Llama 

sea  level 

16.1 

58.4 

27.5 

12.1 

sea  level 

22 

43  mm.  CO. 

23.5 

61.2 

38.6 

11.4 

9,240  ft. 

20 

38  mm.  CO. 

17.1 

56.7 

28.2 

12.3 

15,420  ft. 

21.6 

34.5  mm.  CO. 

17,500  ft. 

14.9 

57.8 

25.8 

11 

Ostrich 

12,000  ft. 

26.6 

13.9 

41.2 

33.8 

2.18 

Huallata 

17,500  ft. 

32.9 

23.6 

40.1 

59.1 

3.27 
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that  addition  of  COo  to  a  closed  vessel  containing  trout  blood  might  cause  the 
appearance  of  a  bubble  of  oxygen.^'  When  the  COo  tension  is  increased  from 
1  to  11  mm.  the  ti/2  sut  of  a  brook  trout  rises  by  30  mm.,  whereas  in  man  an 
increase  of  10  mm.  in  CO2  causes  a  rise  in  lyn  sat  of  about  3.3  mm.  A  small 
increase  in  COo  may  force  Hsh  with  a  low  O2  affinity  into  water  of  very  high 
oxygen,  whereas  in  fish  with  low  tensions  of  loading  the  COo  effect  is  less 
significant  (Fig.  71,  Table  56).  Among  fresh-water  fish  the  ti/2  sat  of  the 
catfish,  carp,  and  bowfin  is  not  raised  above  10  mm.  O2  by  10  mm.  CO2, 
whereas  the  t]/2  sat  of  the  sucker  and  of  each  of  three  species  of  trout  is  raised 
above  35  mm.  O2.  Sensitive  marine  fish  are  toadfish,  mackerel,  and  sea  robin; 


TizSAT 


TEMPERATURE 


Fig.  72.  Effects  of  temperature  on  the  O2  tension  for  half  saturation  of  blood.  •  man, 
Brown  and  HilP';  O  marmot,  Enders'';  X  goose,  +  pigeon,  A  duck,  Wasd  and 
Leiner.^^* 

elasmobranchs  are  less  affected  by  CO2,  and  for  the  skate  (Raja  ocellata)  the 
ti/2  sat  is  relatively  constant  over  a  wide  range  of  CO2  tensions.-'' 

The  response  of  the  Oo  dissociation  curve  to  CO2  is  similar,  whether  the 
red  cells  are  intact  or  hemolyzed,  in  the  trout,  sea  robin,  and  Atlantic  salmon. 
In  other  fish,  such  as  the  carp,  sucker,  tautog,  and  toadfish,  the  effect  of  CO2 
is  less  on  hemolvzed  blood  than  on  blood  with  the  cells  intact.  Apparently 
the  hemoglobin  of  the  latter  group  of  fish  is  made  up  of  several  oxygen-com- 
bining components  which  combine  with  different  amounts  of  oxygen  at  a 
given  tension  while  in  the  cells.^-^*'  When  the  blood  is  hemolyzed  the  oxygen 
dissociation  curve  at  a  given  CO2  tension  lies  to  the  left  of  that  of  whole  blood. 

Willmer^^^  has  studied  the  bloods  of  several  fish  in  tropical  South  America. 
Those  which  live  in  active  rivers  have  hemoglobin  which  is  sensitive  to  CO2 
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(Table  56).  In  one  which  is  found  near  waterfalls  (the  paku),  addition  of 
25  mm.  COo  decreased  the  oxygen  saturation  by  48  per  cent;  in  three  other 
river  fish  a  similar  amount  of  COo  reduced  the  oxygenation  by  about  25  per 
cent.  In  three  species  inhabiting  sluggish  marshy  ponds,  where  the  water  pH 
varied  from  3.8  to  5.0,  the  CO2  effect  was  much  less:  12-13  per  cent  reduction 
in  saturation  by  25  mm.  CO2  in  two  of  them  and  only  7  per  cent  reduction  in 
the  electric  eel.  The  U/2  sat  in  these  sluggish-water  fish  is  similar  to  the  ti/o 
sat  in  those  from  fast  waters,  but  the  blood  of  the  former  is  tolerant  of  higher 
C0>  in  the  water. 
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Fig.  73.  Effects  of  temperature  on  the  Oo  tension  for  half  saturation  of  blood.  •  Helix, 
Wolvekamp  and  Kersten"";  ®  Limnliis,  X  Loligo,  Redfield  and  Ingalls^^'';  A  Phascoloso- 
ma,  Florkin*";  +  Urechis,  Redfield  and  Florkin.'"' 

The  blood  of  some  fish  is  also  very  sensitive  to  changes  in  temperature.  A 
rise  in  temperature  acts  like  CO.  to  lower  the  Oo  affinity.  Figure  74  shows 
that m  the  trout  a  rise  in  temperature  of  a  few  degrees  raises  the  unloading 
tension  significantly.  In  three  different  species  of  trout  the  t,/o  ,„t  rises  about 
1  mm.  I  Ig  ol  oxygen  partial  pressure  per  degree  centigrade.  At  higher  tempera- 
tures the  amount  of  oxygen  dissolved  in  water  is  also  diminished.  The  effect 
of  temperature  on  the  availability  of  oxygen  is  undoubtedlv  a  factor  in  the 


Respiratory  Functions  of  Body  Fluids 


319 


distribution  of  fish.  However,  in  goldfish  the  effect  of  COj  on  Oj  utilization 
decreases  with  rising  temperature.''"' 


lOOr-^i — r 


lo  2o  3o  Ao 

TEMPERATURE  "C 


5o 


Fig.  74.  Effects  of  temperature  on  the  O2  tension  for  half  saturation  of  blood  of  lower 
vertebrates.  •  frog,  Macela  and  Seliskar"';  O  skate,  Dill  et  al.'^;  X  brook  trout,  A  rain- 
bow trout,    •)  brown  trout,  Irving,  Black,  and  Safford*^;  =:  eel,  Kawamoto."* 

It  has  been  mentioned  previously  (Ch.  8)  that  during  periods  when  the 
oxygen  supply  is  low  some  fish  may  draw  on  the  oxygen  in  their  swim  bladders. 
The  oxygen  content  of  swim  bladders  in  physoclystous  fish— those  with  closed 
bladders,  such  as  sunfish,  perch,  bass  and  stickleback— is  often  higher  than 
that  of  air.^*'"''  ^^^  The  amount  of  o!xygen  secreted  into  the  bladder  is  related 
to  the  CO2  effect  on  ffee  dissociation  of  iish  hemoglobin.  When  CO2  increases 
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in  the  blood,  oxygen  is  forced  out  into  the  swim  bladder  and  the  fish  may  be 

^' Hemoe'lobin  Function  in  Invertebrates.  The  function  of  blood  pigments 
is  in  doubt  for  manv  invertebrates.  The  following  sorts  of  evidence  are  useful 
in  judging  whether  a  respiratory  pigment  functions  in  oxygen  transport:  CO 
the  position  of  the  oxygen  dissociation  curve,  i.e.,  whether  the  pigment  loads 
and  unloads  under  physiological  conditions  at  tensions  corresponding  to  those 
at  the  respiratory  surface  and  in  the  tissues;  (2)  the  effect  of  CO,,  i.e.,  whether 
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Fig.  75.  Oxygen  dissociation  curves  of  maternal  and  fetal  blood  of  goats.  Data  for 
goat  pregnant  18  weeks,  2  days.  Broken  lines  indicate  limits  of  normal  adults.  From 
Barcroft  et  al.^" 


the  addition  of  CO,  facilitates  unloading  of  O,  at  a  given  tension  and,  con- 
versely, whether  loss  of  CO,  aids  the  loading  of  Oo  at  respiratory  tensions;  (B) 
the  oxygen  capacity  of  the  blood  and  the  difference  between  the  Oo  combined 
and  uncombined  with  pigment,  as  compared  with  the  oxygen  requirement  of 
the  animal;  (4)  differences  in  Oo  content  in  arterial  and  venous  blood  indi- 
cating utilization;  (5)  effect  on  oxygen  consumption  of  the  animal  of  poison- 
ing or  of  inactivating  the  pigment  at  different  oxygen  tensions.  In  invertebrates 
in  which  the  function  of  blood  pigments  is  uncertain  it  is  not  always  possible 
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to  make  all  of  the  aforementioned  tests.  Evidence  is  sufficient,  however,  to 
shoH^  that  in  some  lower  animals  blood  pigment  functions  in  O^  transport  at 
all  oxygen  tensions  as  in  the  vertebrates,  in  some  it  functions  in.  transport  only 
at  low  tensions,  in  others  it  may  be  an  oxygen  store  for  use  in  periods  of 
hypoxia,  and  in  still  others  it  has  no  function  with  respect  to  oxygen  supply. 

In  Lumbricus,  Chironomus,  and  Tuhifex  carbon  monoxide  poisoning  dem- 
onstrates the  transport  function  of  hemoglobin.  In  monoxide  experiments  it 
is  important  that  the  maintained  combination  of  the  hemoglobin  with  CO  be 
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Fig.  76.  Oxygen  dissociation  curves  of  several  species  of  amphibians. 
From  McCutcheon  and  Hall.'" 


checked  spectroscopically,  and  that  the  amounts  of  CO  used  be  small  enough 
that  there  is  no  interference  with  tissue  respiration.  In  the  earthworm,  oxygen 
consumption  has  been  measured  in  three  investigations  at  different  oxygen 
tensions  in  the  presence  and  absence  of  carbon  monoxide.  One  study^^^ 
revealed  no  effect  of  CO  on  respiration.  Another'''  showed  little  effect  of  CO 
in  reducing  the  respiration  down  to  an  Oo  tension  of  about  55  mm.  (7.5  per 
cent  O2),  but  below  that  value  there  was  some  reduction  in  Oo  consumption. 
In  the  most  careful  study,'-'"  saturation  of  the  hemoglobin  by  CO  was  checked 
systematically  and  it  was  found  that  the  respiration  was  reduced  by  CO  at  high 
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oxygen  tensions  but  that  the  effect  of  CO  disappeared  in  low  oxygen  (Fig.  77). 
It  was  calculated'-'"  that  of  the  total  oxygen  used  by  the  worm  23  per  cent  is 
carried  by  hemoglobin  at  152  mm.O.,'  35  per  cent  at  76vmm.  O.,  40  per  cent 
at  35  mm.  Oo,  22  per  cent  at  19  mm.  Oo  and  0  per  cent  at  8  mm.  Oo.  Dissocia- 
tion curves  for  earthworm  hemoglobin  are  not  available. 

In  Nereis  diversicolor  inactivation  of  hemoglobin  by  CO  reduces  the  oxygen 
consumption  bv  approximately  50  per  cent  at  high  oxygen  tensions  (6-7  ml. 
Oo/l.),  and  blocks  all  O2  consumption  at  3.3  ml.  O^A^-  Nereis  diversicolor, 
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Fig.  77.  Oxygen  consumption  by  huvnihricus  as  a  function  of  oxygen  tension  with 
and  without  carbon  monoxide.  From  Johnson.™ 

Fig.  78.  Oxygen  consumption  by  Chironomus  as  a  function  of  oxygen  tension 
in  the  presence  and  absence  of  CO.   From  Ewer.^* 

Fig.  79.  Oxygen  consumption  by  Tubifex  as  a  function  of  o.xygen  tension  in  presence 
and  absence  of  CO.  Curve  3  is  the  difference  between  curves  1  and  2.  From  Dausend."' 


Fig.  80.  Oxygen  consumption  by  Sabella  pavonia  as  a  function  of  oxygen  tension  with 
the  chlorocruorin:  0>  unpoisoned  and  •,  poisoned  by  CO.  From  Ewer  and  Fox.*' 
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therefore,  appears  to  be  more  dependent  on  its  hemoglobin  than  is  Linnbriciis. 
Nereis  diversicolor  consumes  approximately  ten  times  as  much  oxygen  as 
Lumhricus,  under  comparable  conditions. 

Chirononius  larvae  and  tubificid  worms  can  live  at  the  bottom  of  ponds 
where  the  oxygen  content  approaches  zero.  Those  species  of  Chironomus 
larvae  which  lack  hemoglobin  are  not  so  resistant  to  low  oxygen  as  those  with 
hemoglobin.  Using  a  microspectrometric  method  for  oxyhemoglobin  deter- 
mination, Leitch^^'^  found  that  at  20°  in  the  absence  of  CO^.  the  blood  of  larvae 
of  Chironovius  sp.  was  half  saturated  at  the  exceedingly  low  oxygen  tension 
of  0.17  mm.  Hg.  In  the  presence  of  1  per  cent  CO^  it  was  38  per  cent  saturated 
at  this  tension.  The  very  low  t,/^  snt  was  confirmed  (0.6  mm.  Hg)  by  Fox*'" 
with  Chironomus  riparus,  although  the  decreased  oxygen  affinity  with  COo 
was  not  confirmed.  The  oxygen  capacity  of  the  blood  is  6  volumes  per  cent, 
and  the  total  combined  oxygen  could  supply  the  needs  of  the  larvae  for  only 
12  minutes;  hence  function  as  an  oxygen  store  is  unimportant.^"^  From  the 
very  low  tj/o  sat  it  might  be  concluded  that  tissues  could  scarcely  make  use  of 
oxygen  delivered  at  such  low  tensions.  However,  the  oxyhemoglobin  bands 
disappear  in  vivo  when  the  oxygen  in  the  water  corresponds  to  13  mm.**"  In 
Chironomus  plumosus  the  O-  consumption  is  normal  in  the  presence  of  CO 
down  to  Oo  tensions  of  approximately  75  mm.  (3  cc.  O2/I.)  but  is  inhibited 
below  this  level  (Fig.  78).^^  It  was  also  indicated''''^'  ^■'-  that  in  payment  of  an 
oxygen  debt  after  a  period  of  anoxia  the  excess  oxygen  consumption  in  Chiron- 
omus thummi  is  sensitive  to  CO  in  concentrations  which  poison  the  hemo- 
globin. Here,  then,  is  evidence  that  the  Chironomus  hemoglobin  unloads  at 
oxygen  tension  of  less  than  1  mm.  Hg  (0.079  per  cent  atm.,  according  to  Fox 
^"),  and,  at  the  other  extreme,  evidence  that  the  hemoglobin  functions  in 
oxygen  transport  at  atmospheric  tensions  outside  the  animal.  The  unloading 
tension  of  blood  in  vitro  cannot  be  used  to  determine  the  oxygen  tension  in 
the  medium  at  which  a  pigment  is  functional.  It  appears  certain  that  in  chiron- 
omid  larvae  living  in  low  oxygen  the  oxygen  tension  in  the  tissues  is  very  low 
and  that  a  steep  oxygen  gradient  exists  from  water  to  tissues.  The  oxidative 
enzyme  pattern  in  the  tissues  must  differ  from  that  in  the  vertebrates  to  make 
possible  functioning  at  partial  oxygen  pressures  of  0.5  mm.  Hg.  In  a  chiron- 
omid  Tantytarsus,  which  lives  in  lakes  where  the  water  is  never  more  than 
half  saturated  with  air,  the  hemoglobin  functions  in  transport  only  if  the 
dissolved  oxygen  is  less  than  25  per  cent  air  saturation. ^^^ 

In  Tuhifex  also  the  hemoglobin  is  half  saturated  at  0.6  mm.  Hg,  but  in  vivo 
the  bands  disappear  at  oxygen  concentrations  near  the  limit  of  the  Winkler 
method  of  analysis  (about  10  mm.  Hg**").  The  oxygen  consumption  as  a  func- 
tion of  O2  concentration  declines  steeply  below  1-1.5  cc.  Oo/l.  (te=approxi- 
mately  37  mm.).  In  the  presence  of  CO  the  respiration  is  reduced  by  about 
one-third  at  higher  oxygen  tensions,  proportionately  less  at  lower  tensions-^ 
(Fig.  79).  Two  thirds  of  the  normal  oxygen  requirement  is  supplied  by  oxygen 
uncombined  in  solution  in  the  body  fluid.  As  in  Chironomus,  the  ti/2  sat  is 
far  below  the  tension  in  water,  where  oxygen  transport  by  hemoglobin  is 
important  and  the  gradient  from  water  to  tissue  is  very  steep. 

Some  species  of  Daphnia  contain  hemoglobin  in  varying  amounts;  the 
hemoglobin  content  of  the  blood  increases  when  the  oxygen  in  the  water  is 
low.   However,  Daphnia  can  swim  actively  when  the  O2  is  so  low  that  the 
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hemoglobin  remains  reduced  or  when  it  is  poisoned  by  CO  and  the  hemoglobin 
can  hardly  be  functional."''  *'-^ 

Claims  have  been  made  that  in  the  snail  Planorhis  and  the  lugworm  Areni- 
cola  hemoglobin  may  function  as  an  oxygen  store  to  be  used  only  in  times  of 
anoxic  stress.  In  the  absence  of  COo  the  ti/o  sat  of  Planorhis  blood  is  higher 
than  the  tj/o  sat  of  Chironomns  and  Tiihifex  blood,  7.4  mm.  at  20°^°^  and  1.9 
mm.  at  17°.''^'  Carbon  dioxide  decreases  the  affinity  for  oxygen  (ti/o  sat=8.9 
mm.  at  17°  in  1  per  cent  COo).*'^  In  vivo  the  oxyhemoglobin  bands  disappear 
at  water  oxygen  of  25  mm.  Hg/^*^  but  the  blood  remains  saturated  with  oxygen, 
and  skin  breathing  with  the  oxygen  carried  in  solution  in  the  blood  provides 
sufficient  oxygen  for  the  animal  down  to  a  tension  of  7.7  per  cent  O2  (54  mm. 
Hg).'"'"'  In  the  range  7.2  to  3  per  cent  Oo  the  snails  frequently  came  to  the 
surface  for  lung  breathing  and  the  hemoglobin  was  not  completely  saturated, 
whereas  below  3  per  cent  they  were  at  the  surface  continuously.  In  the  pres- 
ence of  CO  below  3  per  cent  Oo  the  snails  became  very  sluggish,  and  at  1  per 
cent  O2  they  floated  outstretched  on  the  water.  Hence  the  use  of  the  lung 
and  reduction  of  hemoglobin  go  together.  From  the  data  of  oxygen  capacity  of 
the  blood  (2.4  times  that  which  could  be  carried  in  solution),  the  blood  volume 
(0.58  cc./g.  body  wt.)  and  the  oxygen  consumption  (0.026  cc./g./hr.) 
Borden'^  estimated  that  the  oxygen  held  by  hemoglobin  would  last  18  minutes 
of  anoxia  and  Leitch'*'''  estimated  it  would  last  3  minutes.  It  appears  that  the 
storage  function  is  negligible,  that  hemoglobin  functions  in  oxygen  transport, 
particularly  at  water  oxygen  of  25  mm.  and  below,  and  that  the  tissue  oxygen 
tension  is  not  so  low  as  in  Chironovnis  and  Tiihifex. 

In  Arenicola  the  hemoglobin  is  reduced  at  1-3  mm.  Hg  (1.8  mm.*'*^)  and  is 
completely  saturated  at  5-10  mm.  O2.  The  oxygen  capacity  is  about  one-sixth 
that  in  man.'^  COo  shifts  the  oxygen  dissociation  curve  to  the  right.'-''  **"  In  the 
burrows  of  Arenicola  the  oxygen  becomes  depleted  at  low  tide.'-*'  ^^  At  such 
times  the  tension  in  the  tissues  must  be  much  reduced.  If  the  hemoglobin  u^ere 
to  be  completely  reduced,  enough  oxygen  would  be  made  available  for  21 
minutes  at  the  usual  rate  of  Oo  consumption.  In  nature  the  worms  survive 
periods  of  about  3  hours  when  the  oxygen  in  their  tubes  is  negligible.  The 
state  of  the  hemoglobin  in  living  worms  is  not  known,  but  the  hemoglobin 
must  unload  oxygen  to  the  tissues  when  their  O2  tension  is  below  2  mm.  If 
the  tension  at  the  gills  is  greater,  oxygen  will  be  taken  up.  At  low  tensions  the 
worms  may  well  resort  to  anaerobic  metabolism.  In  the  absence  of  carbon 
monoxide  experiments  and  measurements  of  the  saturation  of  hemoglobin  in 
vivo,  judgment  must  be  withheld  regarding  the  function  of  the  pigment  at 
high  oxygen  tensions. 

In  study  of  the  worm  Urechis  Redfield  and  Florkin'-^  found  oxygen  capa- 
cities of  2.6  to  7.2  volumes  per  cent  in  different  individuals;  there  was  little 
effect  of  CO2  on  the  oxygen  dissociation  curve  (Fig.  69).  The  hemoglobin 
showed  an  unloading  tension  of  12  mm.  O2  at  8.6  mm.  CO2.  The  worm  lives 
in  mud  tubes  in  the  intertidal  zone,  and  at  low  tide  the  oxygen  in  the  burrow 
is  greatly  reduced.  RcdHeld  and  Florkin  calculated  that  when  the  water 
reached  an  O2  tension  of  14  mm.  the  requirements  of  the  animal  could  be  met 
for  only  about  15  minutes  by  the  oxygen  dissolved  in  the  coelomic  fluid  and 
in  the  water  contained  in  the  respiratory  region  of  the  gut,  whereas  the  extra 
oxygen  from  the  blood  pigment  would  permit  survival  for  a  further  55  minutes. 
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It  is  probable  that  this  reserve  is  important  at  extreme  low  tide;  this  does  not 
preclude  the  possibility  that  some  of  the  hemoglobin  molecules  are  alternately 
loaded  and  reduced  as  they  move  from  the  respiratory  gut  to  body  tissues. 

The  intracellular  hemoglobins  of  invertebrates  may  serve  as  oxygen  reserves 
for  times  of  stress,  as  in  parasitic  animals  living  in  regions  of  low  oxygen,  for 
example  the  larva  of  G astro philus'''^  and  Ascaris.-'^  The  dissociation  curves  of 
both  of  these  are  well  to  the  left,  with  tensions  of  half  saturation  about  0. 1  mm. 
Hg  partial  pressure  of  oxygen.  In  Ascaris  the  hemoglobin  holds  oxygen  avidly, 
that  is,  unloads  very  slowly  (Table  51),  and  when  the  worms  are  in  anaerobic 
conditions  the  body  wall  pigment,  but  not  that  in  the  perienteric  fluid,  can  be 
seen  to  be  deoxygenated.  Similarly  in  the  nematode  Nippostrongylus,  with  a 
ti/2  sat  of  less  than  0.1  mm.  Hg,  deoxygenation  is  seen  in  low  oxygen,  but  the 
closely  related  StrongyJiis  dies  in  low  oxygen  before  the  pigment  is  deoxygen- 
ated.-^ 

It  is  apparent  from  the  preceding  examples  that  the  hemoglobin-containing 
invertebrates  have  part  of  their  oxygen  needs  supplied  from  the  gas  in  solution 
in  their  blood.  In  Urechis,  for  example,  the  worm  uses  oxygen  only  to  the 
equivalent  of  1/60  of  that  held  by  its  hemoglobin  per  hour.  In  monoxide- 
treated  animals,  usually  less  than  half  of  the  respiration  is  affected.  If  the 
oxygen  tension  to  which  hemoglobin  is  exposed  is  sufficiently  low  the  pigment 
will  unload  oxygen.  The  reduced  molecules  may  immediately  thereafter 
become  oxygenated,  or  they  may  wait  for  hours  until  oxygen  is  restored.  Thus 
the  question  of  store  versus  transport  is  resolved.  In  animals  like  Chironomus 
and  Tiihifex,  tissue  oxygen  is  very  low;  in  Planorhis  and  Daphnia  it  is  higher.''*^ 
In  an  animal  like  Urechis,  with  no  circulatory  system,  some  molecules  will  be 
reduced  while  others  are  oxygenated,  and  they  will  be  continuously  mixed  by 
the  churning  of  body  movements.  The  added  survival  time  due  to  hemoglobin 
at  oxygen  tensions  where  saturation  is  no  longer  possible  may  be  of  marginal 
significance.  A  number  of  marine  worms  carry  on  an  active  life  with  no 
blood  pigment  whatever  (Table  49).  Some  of  them,  like  Chaetopterus,  are 
mud  dwellers;  Daphnia  continues  active  when  its  hemoglobin  is  poisoned. 
Some  invertebrate  hemoglobins  appear  to  provide  a  safety  factor  of  oxygen, 
and  they  function  at  low  oxygen  tensions;  they  may  act  across  steep  oxygen 
gradients.  The  observations  on  Chironomus  and  Tuhifex  show  the  futility  of 
inferring  function  from  saturation  values  of  the  pigment.  Some  parasitic 
species  may  unload  their  hemoglobin  only  under  anoxic  stress. 

Function  of  H emery thr'in 
The  oxygen  dissociation  curves  of  hemerythrins,  although  in  the  low 
oxygen  range,  show  ti/2  sat  values  which  might  be  reached  by  the  body 
tissues  of  sluggish  worms  (Table  55).  A  rise  in  temperature  shifts  the  O2 
dissociation  curve  of  Phascolosoma  to  the  right,  but  changes  in  pH  do 
not  have  much  effect  on  it.'""  In  Sipunculus  the  U/2  sat  was  8  mm.  Hg 
whether  the  CO2  was  0.07  or  80  mm.  Hg.^"  The  O^  tension  found  in  the 
coelomic  fluid  of  Sipunculus  in  sea  water  was  32  mm.  Hg,  at  which  tension 
its  hemerythrin  would  remain  saturated.  The  tissue  tensions  are  not  known. 
However,  in  the  mud  when  the  tide  is  out,  Sipunculus  is  exposed  to  very  low 
oxygen  tensions.  At  such  times,  like  hemoglobin  in  Urechis  and  Arenicola, 
the  hemerythrin  may  give  up  its  oxygen  to  the  tissues.-*'*'  -'^ 


326  Comparative  Animal  Physiology 

Function  of  Chlorocruorin 
In  a  series  of  papers,  Fox^**'  "■  ^^  has  reported  studies  of  the  function  of 
chlorocruorin  in  the  sabellid  worms,  particularly  in  Spirographis.  The  oxygen 
dissociation  curve  of  this  pigment  is  shifted  to  the  right,  with  increase  in 
acidity  and  with  a  rise  in  temperature,  just  as  in  vertebrate  hemoglobin. 
The  ti/2  sat  is  sufficiently  high  (27  mm.  Hg  at  pH  7.7  and  20°)  that  the 
pigment  probably  is  deoxygenated  in  the  tissues  and  oxygenated  at  the  gills. 
The  oxygen  consumption  is  reduced  by  CO  over  a  wide  range  of  oxygen 
tensions  (Fig.  80).^^  A  variable  fraction  of  the  needed  oxygen  is  supplied 
by  the  blood  pigments,  the  remainder  is  carried  in  solution.  Chlorocruorin 
is  definitely  an  oxygen  carrier  functioning  normally  at  high  oxygen  tensions. 

Function  of  Hemocyanin 

The  blood  pigment  hemocyanin  which  occurs  in  many  molluscs  and  arthro- 
pods can  combine  reversibly  with  oxygen.  The  higher  the  hemocyanin  content 
of  the  blood  as  measured  by  the  copper  content,  the  greater  the  oxygen  capacity 
(Table  54).  The  physiology  and  biochemistry  of  hemocyanin  have  been  well 
summarized  by  Redfield.-^-^ 

In  the  cephalopod  molluscs  it  has  long  been  known  that  hemocyanin  func- 
tions as  an  oxygen  carrier. ^'^  The  blood  of  Octopus  has  an  O2  capacity  of  4.2- 
5.0  volumes  per  cent,^^^  and  Redfield  and  Goodkind^-^  found  the  blood  of 
Loligo  to  have  an  oxygen  capacity  of  4.2  volumes  per  cent.  Arterial  blood  taken 
from  the  heart  of  the  squid  contained  on  the  average  4.27  volumes  per  cent 
of  oxygen  and  3.82  volumes  per  cent  of  COo,  whereas  venous  blood  had  0.37 
volumes  per  cent  of  Oo  and  8.27  volumes  per  cent  of  COo.  Thus  approximately 
92  per  cent  of  the  oxygen  was  removed  in  the  course  of  circulation,  approxi- 
mately three  times  as  much  as  in  man.  This  high  transfer  of  oxygen  to  the 
tissues  fails  to  provide  much  reserve  against  hypoxic  stress.  Similar  data  on 
arterial  blood  in  Octopus  were  obtained  by  Winterstein.^^^  The  color  of  the 
blood  can  be  seen  to  change  as  it  passes  through  the  gills  of  a  squid,  so  that  the 
oxygenated  blood  is  distinctly  blue.  In  the  cephalopods  COo  and  increased 
acidity  shift  the  oxygen  dissociation  curve  to  the  right  as  with  hemoglobin 
(Fig.  8l).^-^'  ^*^'^  A  rise  in  temperature  also  raises  the  tensions  of  loading  and 
unloading  (Fig.  73).  The  effect  of  CO2  upon  dissociation  of  oxyhemocyanin 
accounts  for  about  one  third  of  the  respiratory  exchange  in  the  squid.  The 
tsat  and  ti/2  sat  are  in  a  reasonable  range  for  physiological  function  (Table 
56),  although  they  are  sufficiently  high  to  make  the  squid  sensitive  to  asphyxi- 
ation. It  is  well  established,  then,  that  hemocyanin  serves  as  an  efficient 
oxygen  carrier  in  the  cephalopod  molluscs. 

In  the  gastropods,  crustaceans,  and  arachnoids,  however,  evidence  for  func 
tion  of  hemocyanin  as  an  oxygen  carrier  is  less  convincing.  No  specific  inhibi- 
tor, as  CO  for  hemoglobin,  is  known  for  hemocyanin.  In  Limulus  the  blood 
always  appears  reduced  (colorless)  when  the  animals  are  bled,  and  it  contains 
only  as  much  Oo  as  sea  water  does.-  When  saturated  with  air  the  blood  ol 
Limulus,  of  several  crabs,  and  of  Helix  takes  up  only  about  2  to  4  times  as 
much  oxygen  as  sea  water  does  (Table  56).  The  position  of  the  oxygen  dis- 
sociation curve  of  Helix  and  Limulus  (ti/o  sat=6-12  mm.  Hg)  is  within  the 
usual  physiological  range,  but  the  curve  of  Homarus  blood  is  far  to  the  right 
at  blood  pH  (ti/2  sat=90  mm.  Hg). 
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The  effect  of  CO.  or  of  decreased  pH  is  shown  for  Limidus  in  Figures  81 
and  82.  As  the  solution  of  hemocyanin  becomes  more  alkaline  the  oxygen 
dissociation  curve  shifts  to  the  right  up  to  pH  of  8.6;  at  pH  9.4  the  curve  is 
moved  back  to  the  left.  In  Limulns,  Busycon,  and  Helix  the  minimum  affinity 


-I I i_ 


Fig.  81.  Effect  oH  pH  on  O2  tension  for  half  saturation  of  blood.  •  Loligo,  Q  Homarus, 
A  Limulus.  Redfield  and  Ingalls.'"'" 

for  oxygen  is  in  the  alkaline  range,  whereas  in  Loligo,  Homarus,  Maja,  and 
Cancer  the  minimum  Oo  affinity  is  on  the  acid  side,  as  it  is  for  hemoglobin 
(Fig.  81).!-^  In  the  snail  Helix  the  affinity  for  oxygen  is  minimum  at  pH  7.7, 
and  the  oxygen  dissociation  curve  moves  to  the  left  on  both  the  acid  and 
alkaline  side  of  this  pH.^-  It  has  been  suggested^^'  that  the  increased  O2  affini- 
ty with  added  COo  permits  the  hemocyanin  to  load  with  oxygen  when  animals 
like  Busycon  and  Linndus  enter  stagnant  high-CO^  water.  Certainly  the 
blood  would  load  at  a  lower  O^  tension  in  the  presence  of  CO2  than  in  its 
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absence.  However,  the  blood  must  always  be  at  a  higher  COo  tension  than 
the  water  and  the  hemocyanin  (Hey)  could  unload  only  if  the  tissue  oxygen 
tensions  are  unusually  low. 
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Fig.  82.  Oxygen  dissociation  curves  of  Limidus  hemocyanin  at  different  hydrogen 
ion  concentrations.  From  Redfield  and  Ingalls.^'" 
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Fig.  83.  Oxygen  dissociation  curves  of  Limiilus  hemocyanin  at  different  temperatures. 
From  Redfield  and  Ingalls.^-' 

In  Hiisycon  the  arterial  oxygen  is  at  36  mm.  Hg  and  the  venous  at  6  mm. 
Hg,  corresponding  to  an  unloading  to  the  tissues  of  1.7  volumes  per  cent. 
Less  than  10  per  cent  of  this  oxygen  is  carried  in  solution. ^''•^  Apparently  in 
Busycun  the  tissue  oxygen  tensions  are  verv  low,  and  the  hemocvanin  trans- 
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ports  much  of  the  oxygen.  Direct  measurements  of  oxygen  tension  and  Hey 
saturation  in  blood  entering  and  leaving  the  gills  in  Limidiis,  Hoviarus  and 
others  would  settle  the  question  of  whether  Hey  functions  in  these  animals  as 
an  oxygen  carrier. 

A  rise  in  temperature  moxes  the  oxygen  dissociation  curve  to  the  right  in 
those  hemocyanins  in  which  it  has  been  examined'-'  (Fig.  83). 

It  must  be  concluded  that  convincing  evidence  that  hemocyanin  functions 
in  oxygen  transport  is  available  only  for  the  cephalopod  molluscs  and  Biisycon. 
However,  measurements  of  per  cent  saturation  of  hemocyanin  entering  and 
leaving  the  gills  of  Limidtis  and  of  similar  animals  have  not  been  made. 

CARBON  DIOXIDE  TRANSPORT 

CO^,  Dissociation  Curve.  Just  as  with  oxygen,  the  amount  of  carbon  dioxide 
contained  in  body  fluids  greatly  exceeds  the  amount  in  solution.  The  solubility 
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Fig.  84.  Carbon  dioxide  dissociation  curves.  Volumes  per  cent  of  CO:;  as  a  function  of 
COj  tension  in  mm.  Hg.  Data  assembled  by  Redfield.^"' 


of  CO2  in  human  blood  is  48  volumes  per  cent  at  760  mm.  pressure  and  37.5°, 
the  CO2  tension  in  alveolar  air  is  40  mm.,  hence  the  amount  of  COo  which 
might  be  dissolved  in  the  blood  is  2.5  volumes  per  cent.  Actually  arterial  blood 
contains  45-50  volumes  per  cent.  Similarly,  sea  water  has  a  solubility  coeffi- 
cient at  24°  of  0.71  volumes  per  cent  of  CO;,  and  in  equilibrium  with  air  where 
the  CO2  partial  pressure  is  0.23  mm.  Hg  it  would  dissolve  0.0215  volumes  per 
cent;  normally  sea  water  contains  about  4.8  volumes  per  cent  of  COo.  The 
difference  between  the  COo  dissolved  and  the  COo  actually  contained  is 
due  to  the  combination,  largely  as  bicarbonate  with  cations,   from  various 
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buffers.  For  each  fluid  containing  buffers  a  COo  dissociation  curve  can  be 
constructed  by  equilibrating  with  a  known  CO2  tension  and  measuring  the 
volumes  per  cent  taken  up.  Thus  in  the  two  examples  above,  in  human 
blood  40-50  volumes  per  cent  corresponds  to  40  mm.  CO:-,  whereas  in  sea 
water  4.8  volumes  per  cent  corresponds  to  0.23  mm.  COo.  Typical  COo 
dissociation  curves  are  given  in  Figure  84.  These  indicate  differences  in  the 
COo-combining  ability  of  different  species.    Aquatic  animals  with  a  very 


TABLE  58.  CO.  CONTENT  OF  DRAWN  BLOOD  IN  VOLUMES  PER  CENT 

AND  CORRESPONDING  CO,  TENSIONS.  VALUES  FOR  SEA  WATER 

ARE  GIVEN  FOR  PURPOSES  OF  COMPARISON. 


Animal 

Type  of  Blood 

Vols.  % 

mm.  Hg 

Mammal 

Man" 

(arterial) 

45-50 

40-42 

(venous) 

50-53 

45-47 

Reptile 

alligator** 

38.6-44 

Amphibian 

Rana  catesbiana'"" 

(arterial) 

58.2 

35* 

(venous) 

70.1 

65* 

Fish 

trout'" 

(venous) 

19.4-22.8 

8-10 

sucker'" 

(      "      ) 

36.3-47.8 

7-9 

carp'" 

(      "      ) 

28.6-36.4 

5-10 

catfish*" 

21.4 

8 

tautog'" 

(venous) 

10-15 

scup*'" 

(arterial) 

9.5 

sea  robin'^ 

(      "       ) 

6.5 

2 

toadfish'=" 

(venous) 

13.3 

7 

goosefish'^ 

(      "      ) 

10.2 

puffer"' 

(      "       ) 

14.9 

Raja  ocellata'"^ 

(arterial) 

7.7 

1.3 

(venous) 

10.8 

2.6 

Mustelus** 

(arterial) 

6-12 

2-6 

(venous) 

4-12 

Invertebrates 

Urechis^^' 

7-9 

9 

Limulus"^ 

10-20 

Palinurus''«° 

13-17 

Astacus'** 

25-35 

Planorbis='*" 

55-62 

Sepia^'^" 

11-14 

Helix''^" 

45-60 

Anodonta"" 

29-31 

echinoderms''"' 

5-6 

Sea  water'" 

4.8 

0.23 

weak  buttering  supply  of  cations,  such  as  ascidians,  may  actually  contain  less 
total  COo  than  the  surrounding  water.-'^-* 

1  he  COo  content  of  circulating  blood  depends  on  the  total  buffering  capa- 
city of  the  blood,  the  COo  in  body  tissues,  and  the  COo  outside  the  respiratory 
surface.  In  I  able  58  are  given  the  COo  content  in  volumes  per  cent  and 
corresiwnding  COo  tensions  for  freshly  drawn  blood  from  several  animals.  In 
terrestrial  vertebrates  the  COo  tension  to  which  blood  is  exposed  in  the  lungs 
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is  high  (40  mm.  Hg  in  many  mammals),  whereas  in  the  water  to  which  the 
gills  of  aquatic  animals  are  exposed  it  is  low  (0.23  mm.  Mg  in  equilibrium  with 
air).  Actually,  the  corresponding  blood  CO..  tensions  vary  nearly  in  proportion, 
so  that  in  man  there  is  a  gradient  of  about  6  mm.  between  venous  blood  and 
alveolar  air,  whereas  in  fish  (fresh-water,^"  marine'*-'')  the  CO2  gradient  be- 
tween venous  blood  and  water  is  4-9  mm.  In  mammals  the  difference  between 
arterial  and  venous  CO^  indicates  an  unloading  of  about  10  per  cent  of  the 
total  in  the  lungs  and  loading  of  a  similar  amount  in  body  tissues.  The  total 
COo  in  the  blood  is  less  and  the  percentage  that  is  gained  and  lost  in  tissues 
and  gills  is  greater  in  aquatic  vertebrates  (Table  58)  than  in  terrestrial  verte- 
brates. 

Reactions  to  CO^  in  Mammalian  Blood.  The  reactions  in  CO2  transport 
in  mammalian  blood  can  be  enumerated  as  follows: 

1.  CO2  goes  into  solution  in  the  blood,  much  of  it  diffusing  into  red  cells. 
The  COo  reacts  with  water  in  plasma  and  in  red  cells 

CO2+H2O  ^=i  H2CO3 

2.  This  reaction  occurs  too  slowly  to  provide  for  the  known  rate  of  loading 
in  the  tissues  and  unloading  in  the  lungs;  it  is  catalyzed  by  an  enzyme,  car- 
bonic anhydrase,  which  is  present  in  red  blood  cells 

CO2+H.O  ^fbonic  anhydrase  ^^^^^ 

3.  Carbonic  acid  dissociates  according  to  mass  action;  it  is  a  weak  acid  with 
a  pK  of  6.1 

HoCO,:^=±rH  +  -fHC03- 

The  dissociation  of  HCOa"  is  negligible  at  blood  pH. 

4.  Some  anions  are  provided  by  plasma  buffers  which  take  up  excess  H  +  , 
forming  weak  acids  and  leaving  cations  (B  +  )  to  form  salts  with  HCO.i" 

BHC03+H  +  =;=^H,C03+B  ^ 

B  proteinate-f-H  ~  ^    ^  H  proteinate-|-B  + 

5.  Some  HCO3""  leaves  the  red  cells  in  exchange  for  CI  "  from  NaCl  of 
plasma.  This  provides  Na+  to  form  NaHC03  and  results  in  a  shift  of  Cl~ 
from  plasma  to  cells  in  the  tissues  and  back  out  of  the  red  cells  in  the  lungs. 
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Lungs 


Plasma 
CO, 


H2O 


HC  O3 
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CO.. 


H.CO, 
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6.  In  the  cells  most  buffering  is  provided  by  phosphate  and  hemoglobin 

K2HP04+H  +  :;=^KH2P04+K+ 
BHb+H  +  ::^HHb+B  + 

7.  Deoxygenated  Hb  is  a  weaker  acid  than  oxy  Hb;  hence  as  Oo  is  given  off 
in  the  tissues  more  cations  (B+)  are  freed,  and  in  the  lungs  as  CO2  is  lost  the 
stronger  oxy  Hb  attracts  more  base,  thus  freeing  more  COo. 

8.  Some  COo  (5-10  per  cent  of  the  total  in  the  blood)  combines  reversibly 
with  hemoglobin  as  a  carbamino  compound  called  carbhemoglobin. 
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Fig.  85.  Titration  curves  of  bloods  of  man,  Lintiilus,  and  Echinus. 
Data  assembled  by  Barcroft.' 

CO^  Transport  in  Lower  Vertebrates.  Buffering  capacity  of  vertebrate 
blood  is  provided  by  the  bicarbonatcs,  phosphates,  the  plasma  proteins,  and 
hemoglobin.     Ihe  relative  importance  of  each  kind  of  buffer  varies  among 
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animal  groups.   The  buffer  value  of  the  blood  is  given  by  the  ratio  Bl  ICO3, 

pH 
i.e.,  the  change  in  pH  with  CO:-.  It  can  also  be  shown  by  a  titration  curve  of 
blood  (Fig.  85).  The  buffering  power  ol  hemoglobin  of  different  bloods  is 
similar  and  the  hemoglobin  buffering  is  correlated  with  the  oxygen  capacity. 
In  reptiles  the  CO2  content  of  the  blood  is  high,  2-3  times  that  of  mammals 
(Table  58),  but  most  of  it  is  carried  in  plasma  as  BUCO.j.-'-*-  '^^  The  buffering 
capacity  of  the  trout  and  mackerel  is  high,  whereas  that  of  the  carp,  toadhsh, 
and  skate  is  low.'"  I  he  buffer  value  of  the  serum  proteins  is  greater  per  gm.  of 
protein  in  the  skate  and  crocodile  than  in  mammals.^-" 

There  is  much  variability  in  the  effect  of  oxygenation  of  hemoglobin  on  the 
C02-combining  power.  In  man,  at  40  mm.  Hg  of  CO2,  venous  blood  combines 
with  52  and  arterial  blood  with  50  volumes  per  cent  of  COj.  In  the  crocodile 
the  change  in  acid  strength  of  hemoglobin  when  oxygenated  is  greater  than  it 
is  in  man.'^-^  In  the  skate,  however,  there  is  no  difference  between  the  COo 
dissociation  curve  of  oxygenated  and  that  of  deoxygenated  blood.'""'  In  the 
tautog  oxygenation  decreases  the  CO^combining  power  at  low  COj  tensions, 
but  above  50  mm.  the  curves  for  oxygenated  and  for  deoxygenated  bloods  are 
similar.  After  hemolysis,  however,  the  deoxygenated  blood  combines  with 
more  CO2  at  all  tensions.'"'  In  general,  those  animals  in  which  CO2  increases 
the  oxygen  affinity  are  the  ones  in  which  oxygenation  decreases  the  C02- 
binding  power.  These  effects  depend  on  protein  differences  which  are  not 
understood. 

Buffering  in  Invertebrates.  Among  invertebrates  most  of  the  buffering 
appears  to  reside  in  blood  proteins,  and  the  principal  proteins  are  respiratory 
pigments.  In  Urechis,  for  example,  the  plasma  of  the  coelomic  fluid  has 
practically  no  buffering  capacity,  but  the  corpuscles  are  capable  of  buffering  to 
about  the  same  degree  as  the  corpuscles  of  a  vertebrate  of  similar  oxygen 
capacity.'--'  The  coelomic  fluid  of  the  sea  urchin,  which  contains  little  protein, 
has  very  little  buffering  power  (Fig.  85)."' 

Redfield  and  his  associates'-''  have  shown  in  a  series,  of  papers  that  in  those 
bloods  which  contain  hemocyanin  most  of  the  buffering  is  due  to  this  pigment. 
In  Livndus,  for  example,  phosphates  are  negligible,  but  purified  hemocyanin 
can  bind  1.6x10^''  mols  of  acid  per  gram  of  protein,  and  in  the  presence  of 
blood  salts  hemocyanin  can  bind  much  more.  I  his  buffering  capacity  is  similar 
to  that  of  hemoglobin.  The  titration  curve  of  hemocyanin  in  the  presence  of  a 
salt  mixture  like  the  blood  salts  is  essentially  similar  to  the  titration  curve  of 
serum  of  LnuiiZiis.'-*'  This  titration  curve  shows  the  presence  of  several  acid 
and  base  binding  groups.  In  Helix  the  blood  is  less  well  buffered  than  in 
Liniidiis,  but  it  is  buffered  better  in  summer  than  in  the  winter."'^ 

In  Helix,  Octopus,  and  Hoinarus  oxygenated  hemocyanin  binds  more  COo 
than  does  deoxygenated  hemocyanin. 

In  animals  with  calcium-containing  shells,  some  molluscs  and  crustaceans, 
an  important  source  of  buffer  is  the  shell.  This  has  been  discussed  in  Chapter  3. 

Carbonic  Anhydrase.  Carbonic  anhydrase  is  widely  distributed  in  the 
animal  kingdom. ■*'•  ''^'  ''•  ■''^'  '^'^  None  has  been  found  in  the  sponges,  but 
some  is  present  in  coelenterates,  particularly  in  the  tentacles.  Carbonic  an- 
hydrase is  found  in  coelomic  fluid  of  Sipiwcuhis  and  Arenicola  but  not  in  that 
of  most  other  invertebrates.'''    A  rich  suppK  of  this  enzyme  is  present  in  the 
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gills  of  some  polychaetes,  where  it  may  facilitate  transfer  of  COg;^*^  most 
molluscs  show  little  in  blood,  although  there  is  much  in  the  gills  of  the  squid 
and  in  gills  and  mantle  of  pelecypods.^-^ 

Among  arthropods  the  gills  of  Limulus  contain  large  amounts;  those  of 
Homarus  and  Lihinia  contain  less,  and  the  gills  of  Palinurus  have  none. 
Similarly,  in  several  fishes,  much  carbonic  anhydrase  is  found  in  the  gills.  In 
general  it  appears  that  carbonic  anhydrase  is  most  abundant  in  aquatic  animals 
in  gills,  and  in  higher  terrestrial  forms  in  blood  cells.  Carbonic  anhydrase  is 
present  in  lower  concentrations  in  other  tissues. 

PIGMENTS  AS  BLOOD  PROTEINS 

It  was  stated  above  that  among  some  invertebrates  function  of  the  blood 
pigments  in  oxygen  transport  is  doubtful.  A  universal  function  of  these  pig- 
ments, however,  appears  to  be  in  buffering;  they  are  particularly  effective  since 
each  protein  molecule  may  have  several  acid-binding  groups.  Another  function 
is  to  provide  blood  colloid.^'^  In  animals  with  a  heart,  and  particularly  in  those 
with  both  heart  and  exoskeleton,  the  hemolymph  (blood)  is  under  hydrostatic 
pressure.  These  animals  would  tend  to  lose  fluid,  even  though  at  osmotic 
equilibrium  with  the  sea,  were  it  not  for  the  proteins  of  their  bloods.  Their 
protein  concentrations  are  considerable— often  up  to  5  per  cent.  Experiments 
correlating  hydrostatic  pressure  with  blood  proteins  in  aquatic  animals  are 
needed. 

CONCLUSIONS 

Certain  generalizations  can  be  made  regarding  the  blood  pigments.  Phylo- 
genetically  blood  pigments  represent  a  labile  set  of  characters.  Chromogens 
composed  of  a  protein  with  a  prosthetic  group  containing  a  metal  have  appeared 
many  times.  Hemochromogens,  being  universally  distributed  in  aerobic  cells, 
have  been  used  independently  by  several  groups  of  animals  in  blood  pigments. 
The  hemoglobins  may  show  slight  variations  in  their  porphyrins  and  great 
variations  in  their  proteins  from  species  to  species  and  at  different  stages  in  one 
species.  The  molecules  of  blood  pigments  diff^er  in  size,  large  ones  being  free 
in  solution,  smaller  ones  contained  in  corpuscles.  They  also  differ  in  function. 

The  functions  of  blood  pigments  in  oxygen  transport  in  the  vertebrates  are 
clear;  among  invertebrates,  only  in  the  cephalopod  molluscs  is  the  pigment, 
hemocyanin,  as  important  in  oxygen  transport.  In  those  others  where  at 
normal  tensions  the  pigment  carries  oxygen,  the  pigment  (chlorocruorin  in 
the  sabellids;  hemoglobin  in  the  earthworm.  Nereis,  and  Tnhifex;  hemocyanin 
in  Busycon^  carries  only  a  fraction  of  the  oxygen  required.  In  others  the  pig- 
ment (hemoglobin  in  Planorhis,  Arenicola,  Chironomus,  Urechis,  and  Ascaris; 
hemerythrin  in  Sipiincidus}  functions  to  supply  oxygen  primarily  at  times  of 
physiological  stress  due  to  hypoxia.  In  still  others  the  pigment  (hemocyanin  in 
Limulus  and  crustaceans)  seems  to  function  principally  as  a  buffer  and  pos- 
sibly in  maintenance  of  colloid  osmotic  pressure. 

Ecologically,  many  animals  are  limited  in  their  range  by  their  blood  pig- 
ments. Correlations  between  oxygen-combining  power  and  amount  of  pigment 
occur,  as  in  mammals  at  high  altitudes.  Striking  adaptations  with  respect  to 
the  effects  of  COo  and  temperature  on  O2  dissociation  are  found  among  fishes 
and  in  embryos.  The  decrease  of  oxygen  affinity  with  added  COo  is  consider- 
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able  in  the  squid  and  in  fish  from  fast  waters;  it  is  less  in  fish  from  sluggish  and 
acid  water  and  in  terrestrial  animals.  The  CO2  effect  is  reversed  in  some 
sluggish  animals  which  have  hemocyanin. 
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CHAPTER  10 


INTRODUCTION 


Temperature:  Metabolic  Aspects  and  Perception 

T 

■  EMPERATURE,  PERHAPS  MORE  than  Other  environmental  tactors,  has 
I  multiple  and  diverse  effects  on  living  organisms.  Temperature  is 
B  a  measure  of  molecular  agitation;  it  limits  the  rate  of  chemical 
reactions;  hence  it  determines  growth  and  metaKolism  in  the  widest  sense. 
Temperature  limits  the  survival  and  the  distribution  of  animals  on  the  earth. 
The  cell  temperature  limits  for  active  life  are  from  about  0  to  about  +45°  C, 
and  many  higher  animals  die  within  still  narrower  limits. 

Many  animals  respond  to  changes  in  environmental  temperature  by  con- 
forming passively  to  the  environment;  these  are  the  cold-blooded  or  poikilo- 
thermic  animals.  A  poikilothermic  animal  can  protect  itself  against  unfavor- 
able temperatures  by  entering  a  protective  state  of  dormancy  or  encystment,  or 
by  going  to  a  region  of  more  favorable  temperature.  Comparatively  few  ani- 
mals regulate  their  body  temperature;  these  are  the  warm-blooded  or  homoio- 
thermic  animals.  Heterothermic  animals  are  those  with  limited  temperature 
regulation.  Warm-blooded  animals  can  react  to  temperature  extremes  by  pro- 
tective behavior,  and  in  addition  they  can  alter  heat  loss  by  varying  their 
insulation  and  can  alter  heat  production  by  varying  their  metabolism.  Sensory 
mechanisms  signal  the  changes  in  temperature  which  evoke  the  various  pro- 
tective responses. 

The  temperature  of  any  metabolizing  cell  is  necessarily  higher  than  the 
temperature  of  its  medium,  because  oxidation  and  glycolysis  liberate  heat. 
The  temperature  of  an  animal  depends  on  the  balance  of  those  factors  which 
tend  to  add  heat  and  those  which  tend  to  subtract  heat: 


Factors  Which  Cause  Addition  of  Heat 

oxidative  and  other  metabolic 
production  of  heat 

absorption  of  heat,  largely  from 
solar  radiation 


Factors  Which  Cause  Loss  of  Heat 
radiation 

conduction  and  convection 
vaporization  of  water 
circulation  of  heat  from  interior  to  surface 


The  measurement  ot  temperature  is  so  easy,  by  mercury  thermometer  or 
thermocouple,  that  the  literature  on  temperature  relations  is  vast.  Various 
aspects  have  been  summarized  by  numerous  authors. ^^'  ^^''  •^''■'  ''■' 

THERMAL  PROPERTIES  OF  WATER 

The  temperature  relations  of  animals  to  their  environment  are  closely 
connected  with  their  water  relations.    The  thermal  properties  of  water  are 

34] 


342  Comparative  Animal  Physiology 

important  in  determining  the  thermal  properties  of  animals  in  relation  to  their 
environment.  Animals  are  70  to  90  per  cent  water.  The  heat  conductivity  of 
water  is  low,  compared  with  that  of  many  materials,  being  only  0.0014  cal./ 
cm./sec./°  C,  compared  with  0.9  for  copper.  The  heat  conductivity  of  water 
is  higher  than  that  of  other  liquids,  such  as  ethyl  alcohol  (0.00042)  and  olive 
oil  (0.000395).  The  thermal  conductivity  of  muscle  is  a  little  lower  than 
that  of  water  (0.001  cal. /cm./ sec./ °  C),  and  the  conductivity  of  fat  is  one- 
third  less.  Low  heat  conductivity  results  in  slow  warming  or  cooling  of  an 
aquatic  medium,  and  in  limited  conduction  of  heat  within  an  animal.  Also, 
the  specific  heat  of  water  is  high,  1.0  cal./gm./°  C.  at  0°  C,  compared  with 
0.09  cal./gm./°  C.  for  copper,  0.535  for  ethyl  alcohol,  and  0.389  for  benzene. 
Animal  tissues,  except  compact  bone,  require  0.7  to  0.9  calories  to  raise  the 
temperature  of  one  gram  of  tissue  one  degree.  Hence  animals  with  much 
tissue  mass  are  slow  to  warm  or  cool.  Most  transfer  of  heat  in  animals  is  by 
circulating  body  fluids,  and  a  sluggish  circulation  makes  for  slow  heat  transfer. 

The  normal  vital  temperature  range  is  based  on  the  thermal  properties  of 
water.  Natural  waters  (hot  springs  excepted),  because  of  their  high  specific 
heat  and  small  heat  conduction,  rarely  have  a  temperature  above  the  upper 
limit  for  most  aquatic  animals— 35-40°  C.  At  the  cold  extreme,  the  freezing 
point  of  aquatic  animals  (except  marine  bony  fish  and  brine  shrimps)  is 
normally  similar  to  or  lower  than  the  freezing  point  of  the  medium  (Ch.  2). 
Since  ice  has  a  lower  specific  gravity  than  water,  aquatic  animals  do  not  freeze 
so  long  as  they  remain  in  water.  The  thermal  properties  of  water  make  it  an 
ideal  solvent  as  a  medium  and  as  the  principal  cytoplasmic  solvent.'''^ 

Terrestrial  animals  are  subject  to  a  much  greater  change  of  temperature  than 
aquatic,  but  here  too  body  temperature  is  closely  related  to  water  balance. 
Water  has  a  high  heat  of  fusion  (79.7  cal./gm.),  aqueous  solutions  supercool 
by  several  degrees,  especially  in  capillary  spaces,  and  bound  water  is  resistant  to 
freezing.  Hence  partially  dehydrated  animals  can  withstand  temperatures  well 
below  the  freezing  point  of  water  without  their  tissues  becoming  frozen.  In 
high  air  temperatures  animal  body  temperatures  are  limited  by  the  high  heat 
of  vaporization  of  water  (586  cal./gm.  evaporated  at  0°,  compared  with  55 
cal./gm.  lor  CO^  or  302  cal./gm.  for  ammonia).  Thus  water  loss  by  vaporiza- 
tion has  a  marked  cooling  efl:'ect  on  any  moist  surface.  An  understanding  of 
both  water  balance  in  animals  and  the  thermal  properties  of  water  is  essential 
to  an  understanding  of  the  temperature  relations  of  animals. 

TEMPERATURE  CHARACTERISTICS 

Chemical  reactions  are  accelerated  as  temperature  rises:  decrease  in  a 
reaction  rate  as  temperature  rises  in  the  natural  range  does  not  occur  in 
biological  systems.  To  describe  the  magnitude  of  the  temperature  elfect  on  a 
variety  ol  processes  several  methods  are  in  use.  An  approximation  to  describe 
the  effect  ol  a  narrow  specified  temperature  range  is  the  Qm,  which  is  the 
factor  by  which  a  reaction  velocity  is  increased  for  a  rise  in  temperature  of  10 
degrees. 

10 

Q,„=(K,/K,)      t^  -  t^ 
where  Ki  and  Kj  are  velocity  constants  corresponding  to  temperatures  ti  and 
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t2.   However,  the  velocity  of  enzymatic  reactions  is  not  a  linear  function  of 
temperature,  and  the  Qio  diminishes  at  higher  temperatures. 

A  temperature  characteristic  with  a  sound  theoretical  basis  is  the  Arrhenius 
/M.  If  velocity  constants  Ki  and  K2  (proportional  to  measured  velocities)  at 
absolute  temperatures  Tj  and  T2  are  known,  the  fx  is  obtained  from  the 
following  relation,  where  R  is  the  gas  constant  1.98  calories: 

M    /"l  —   1 


Ko=Kie  ^    V^^         '"■ 


M=4.6  log  (K2-KO /( -1 -^ 

(See  discussions  by  Barnes,^!  HoagIand,^^and  Sizer.^^'-*)  Definite  values  of  ju. 
characterize  specific  catalysts  irrespective  of  the  substrate.**  When  the  Arrhen- 
ius fj.  is  calculated  for  a  wide  variety  of  biological  reactions,  certain  values 
appear  regularly,  and  there  is  reason  to  associate  these  with  underlying  chemi- 
cal reactions.^ ■''''>  The  velocity  of  all  reactions  in  animals  varies  with  the  abso- 
lute temperature.  Animals  subject  to  extreme  variations,  and  particularly  to 
very  low  body  temperatures,  are  limited  metabolically.  A  frog  swimming  in  ice 
water  cannot  possibly  go  faster  than  energy  is  made  available  in  its  muscles. 

LETHAL  EFFECTS  OF  COOLING 

As  the  temperature  of  living  cells  goes  down,  many  life  processes  become  so 
slow  as  to  be  ineffective.  Three  low-temperature  ranges  may  be  considered: 
freezing  temperatures,  vitrifying  temperatures,  and  lethal  temperatures  above 
freezing.  Protoplasm  as  an  aqueous  solution  freezes  at  a  few  degrees  below  zero, 
and  freezing  of  a  cell  with  resultant  ice  crystals  kills.  Resistance  to  freezing 
temperature  is  affected  by  several  factors,  the  most  im^jortant  of  which  is  water 
content  and  the  state  of  contained  water;  prior  desiccation  or  large  content  of 
bound  water  lowers  the  lethal  temperature.  If  cooling  is  slow  many  organisms 
become  reorganized  largely  by  dehydration  and  sometimes  by  acquiring  a  tough 
insulating  coat.  Some  Protozoa  encyst,  and  sponges  form  gemmules.  Prolonged 
subcooling  (cooling  below  freezing  point  without  freezing)  also  favors  survival 
in  the  freezing  range.  Capillarity  and  existence  of  body  fluids  in  small  spaces 
favors  subcooling  and  in  many  insects  the  free  body  fluids  diminish  in  win- 
j-gj|.  135  Whether  or  not  an  animal  freezes  at  a  given  low  temperature  depends 
on  the  rate  at  which  it  is  cooled  and  the  length  of  time  it  is  kept  at  the  low 
temperature.  The  grain  weevil  Sitophrilus  granarins  dies  in  875  hours  at 
7.2°,  in  100  hours  at  —6.6°,  and  in  2.5  hours  at  —\7.7°M'^  (See  also  the 
discussion  of  supercooling  in  Wigglesworth.^^-)  Insects  collected  in  winter 
freeze  at  much  lower  temperatures  than  do  summer  specimens.  The  winter 
animals  are  cold-hardened.  Blood  of  wood-boring  larvae  freezes  at  a  higher 
temperature  than  do  some  other  tissues  ( — 22°:  freezing  point  of  fat  of  cold- 
hardened  oak  borers),  and  death  is  associated  with  freezing  of  other  tissues 
rather  than  of  the  blood. ^"^  Certain  insects  enter  a  state  of  dormancy,  a  reor- 
ganized state  in  which  the  protoplasm  does  not  freeze  at  temperatures  several 
degrees  below  zero  (Table  59).  Aquatic  insects  are  not  subject  to  temperatures 
below  zero.    The  water  content  of  terrestrial  insects  decreases  while  cold- 
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TABLE  59.  LETHAL  TEMPERATURES  OF  POIKILOTHERMIC  ANIMALS 


Conditions 

Low  Lethal 

High  Lethal 

Animal 

or  Source 

°C. 

°C. 

Aquatic  poikilothertns 

Amoeba  proteus'"""' 

35.5-38.3  (1  hr.) 

Paramecium  caud."' 

40  (9.5  min.) 

coral  (Porites)^^" 

Florida 

15.3 

37.7 

"      (Siderastraea)'^^" 

} 

4.5 

38.5 

Cassiopea'"" 

Tortugas 

40 

Halifax 

26.8-28 

Dahpnia™ 

35  (28  min.) 

Calanus"^ 

winter 

24 

summer 

26 

Limulus*'" 

Florida 

46.25 

Woods  Hole 

41.0 

Pandalus' 

Arctic 

11.5  " 

mayfly  nymphs^'^ 

stream  11.6° 

22.4  " 

stream  14.5° 

24.7 

trout  (salvelinus)"^ 

26.5-28  (few  min.) 

perch'" 

32(1  hr.) 

bluegilP" 

34.3  (Ihr.) 

toad  tadpole'"" 

37.4  (Ihr.) 

"                      "          41 

reared  at  1 5  ° 

40.3  (5-10  min.) 

reared  at  24-25° 

43.5  (5-10  min.) 

Terrestrial 

poikilotherms  (moist  air) 

Lumbricus''" 

28.5 

"                 &7 

100%  R.H. 

30  (2  hr.) 

Rana"^ 

33  (about  1  hr.) 

Bufo**' 

33.5 

Helix*' 

29(12hr.) 

Anguis^ 

37.5 

Terrestrial 

poikilotherms  (dry  air) 

Pediculus'^' 

46.5  (1  hr.) 

Lucilia'^"' 

43.    (1  hr.) 

Xenopsylla  adult'"^ 

40.5  (1  hr.) 

larvae'"' 

39.5  (1  hr.) 

Musca  (Niesshulz,  in 

45-46.5 

Wigglesworth''-) 

Agriotes  (wireworm)" 

larvae 

-3 

35-36 

Tenebrio'-' 

(less  than  30  mg.) 

Musca'"" 

-8  (20  min.) 

Melanoplus  adult'"' 

-8  (48  hr.) 

58  (10  min.) 

eggs'"' 

-30  (16  hr.) 

60  (20  min.) 

Blatta  orientalis"" 

-5  (1  hr.) 

black  roach"^ 

0 

50 

Formica  fusca  (adult?)*" 

<o 

35-36 

honeybee'" 

1-8 

field  wasps'^ 

0 

honeybee*^ 

7 

"                 1311 

5.5  (2  days) 

46-48  (30  min.) 

Calliphora  larvae'"' 

40(1.25  hr.  if 
reared  at  12°) 
40  (2.5  hr.  if 
reared  at  30°) 
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Conditions 

Low  Lethal 

High  Lethal 

Animal 

or  Source 

'C. 

"C. 

Melolontha"" 

-12(1  hr.) 

35-45  (1  hr.) 

series  of  Coleoptera 

and  Orthoptera'^ 

Palestine 

47 

Sitophilus  oryzae"'' 

hardened? 

-17.7  (1.5  hr.) 

Chuckwalla*" 

47  (convulsions) 

horned  toad^" 

49 

10  species  lizards™ 

desert 

45.6 

several  snakes"" 

0-0.2 

42(12hr.) 

turtles  (Chrysemys  chelydia)' 

39-41  (30min.) 

hardiness  is  developing/"^^'  and  much  of  the  water  is  in  a  "bound"  state;  that 
is,  it  is  held  by  protein  and  is  not  free  solvent.  There  is  no  doubt  that  many 
insects  freeze,  in  that  they  become  soHd  in  cold  winter  weather;  whether  the 
protoplasm  of  such  cells  as  neurones  contains  ice  crystals  in  insects  with  extra- 
cellular fluid  frozen  is  not  known  but  seems  unlikely.  There  are  numerous 
reports  of  revival  of  fish  from  a  frozen  state;  however,  the  freezing  must  be 
fast  and  superficial;  true  body  temperatures  below  — 0.6  to  — 1°  are  probably 
not  endured.--  The  lower  lethal  temperature  for  fish  varies  within  limits 
according  to  the  temperature  to  which  the  fish  have  been  acclimatized.  Marine 
teleosts,  which  are  hypotonic  to  the  medium,  and  hence  have  a  higher  freezing 
point  than  sea  water,  must  approach  freezing  in  arctic  waters. 

If  the  rate  of  cooling  through  the  temperature  range  of  freezing  is  rapid, 
about  100  degrees  centigrade  per  second,  ice  crystals  do  not  form  and  the 
organism  is  "vitrified. "^^-  When  vinegar  nematodes  (Anguillula),  slightly 
dehydrated,  are  placed  directly  into  liquid  air  ( — 197°  C),  they  are  solidified 
in  an  amorphous  state;  if  they  are  then  warmed  rapidly-  by  immersion  in  water 
or  mercury  at  30°  they  revive  and  are  active,  and  many  survive. ^^^  If  freezing 
occurs,  either  by  slow  cooling  or  by  slow  warming  from  liquid  air  temperature 
through  the  freezing  temperature  range  to  above-freezing  temperature,  the 
animals  are  killed.  Other  organisms,  including  Protozoa  and  muscle  cells, 
have  been  vitrified.  The  cause  of  death  in  freezing  appears  to  be  not  cessa- 
tion of  enzymatic  reactions  resulting  from  reduced  thermal  agitation,  but 
rather  disintegration  of  protoplasmic  organization. 

Many  animals  which  do  not  become  dormant  or  encyst  die  at  temperatures 
well  above  freezing  (Table  59).  Metabolism  is  greatly  reduced,  and  they 
enter  a  chill  coma  in  which  survival  time  is  limited.  It  is  probable  that  proto- 
plasmic organization  cannot  be  maintained  without  a  certain  rate  of  energy 
production  from  metabolism.  Insects  go  into  chill  coma  at  a  lower  temperature 
if  acclimatized  to  cold  rather  than  warm  air;  Blatta  orientalis,  for  example, 
living  at  14-17°,  become  inactive  when  cooled  to  2.0°  C,  whereas  cockroaches 
living  at  36°  show  no  activity  below  9.5°  C.^^-  In  birds  and  mammals,  prob- 
ably also  in  large  cold-blooded  animals,  circulatory  sluggishness  results  in 
insufficient  oxygen  to  essential  organs,  such  as  the  brain,  and  progressive 
paralysis  occurs.  When  heat  loss  exceeds  heat  production  body  temperature 
cannot  be  maintained.   A  cat  loses  consciousness  at  a  body  temperature  of 
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25-27°  C,  but  some  reflexes  remain  at  lower  temperatures,  and  death  results 
in  a  cat  at  16°  C.  In  a  guinea  pig  death  results  at  14°  C.-^  When  men  are 
immersed  in  water  heat  production  fails  to  keep  up  with  heat  loss  below  a 
water  temperature  of  20°  C.  Death  occurs  after  less  than  an  hour's  duration 
of  temperature  of  26.5°  C.  (taken  rectally).^-^  Similarly,  dogs  lose  conscious- 
ness at  a  rectal  temperature  of  22.5-26°  (cerebral  24.5-28°  C.).^^  Hibernating 
mammals  can  survive  lower  body  temperatures  than  non-hibernating  animals 
(Table  59);  hibernating  bats  die  if  vital  organs  are  frozen,  but  opossums  die 
at  temperatures  a  few  degrees  above  that  causing  freezing.  The  primary  causes 
of  death  at  low  temperatures,  but  without  freezing,  are  unknown. 

LETHAL  EFFECTS  OF  ELEVATED  TEMPERATURES 

The  highest  tolerable  body  temperature  has  been  ascertained  for  many 
animals  and  some  representative  values  are  given  in  Table  59.  Numerous 
mechanisms  of  heat  death  are  suggested,  and  no  one  mechanism  operates  for 
all  animals.'^"  Heat  may  kill  by  enzyme  inactivation.  As  temperature  rises, 
enzyme  activity  increases,  and  destruction  of  the  enzyme  is  also  accelerated; 
above  a  certain  temperature,  the  enzyme  is  so  rapidly  destroyed  that  the  net 
effect  is  reduced  activity.'"'"  Many  enzymes  are  inactivated  above  35-45°  C, 
although  higher  temperatures  are  needed  for  protein  denaturation.  Heat  may 
also  kill  by  irreversible  protein  coagulation.  Cellular  lipids  also  change  their 
physical  state  at  elevated  temperatures.  Blowfly  larvae  reared  at  12-18°  have 
a  lower  heat  death  temperature  and  have  lipoids  with  more  double  bonds  than 
have  larvae  reared  at  30-36°,  yet  two  species  with  the  same  kind  of  fat  die  at 
different  temperatures;  hence  fat  breakdown  per  se  can  hardly  be  the  cause 
of  death."'^  Cell  membranes  at  high  temperatures  become  freely  permeable. 
In  higher  animals  the  heated  tissues  may  liberate  toxins  which  cause  damage 
at  a  distance."^  An  old  theory,  that  at  high  temperatures  the  oxygen  supply  is 
inadequate,  fails  to  hold  for  insects,^-  although  in  vertebrates  the  afhnity  of 
hemoglobin  for  oxygen  decreases  significantly  at  high  temperatures.  Whatever 
the  mechanisms  of  heat  death,  they  are  certainly  multiple  and  they  are  sub- 
ject to  alteration,  as  judged  by  resistance  to  heat. 

The  high  temperature  lethal  for  an  animal  depends  on  duration  of  exposure 
to  the  elevated  temperature,  and  high  lethal  temperatures  as  in  Table  59  are 
meaningful  only  if  exposure  times  are  given.  Also,  when  the  temperature  is 
raised  gradually  the  tolerance  limits  are  higher  than  when  it  is  raised  rapidly. 
For  exposures  of  15  to  60  minutes  (Table  59),  there  is  a  wide  range  of  lethal 
temperatures.  In  general,  the  lethal  temperatures  of  terrestrial  animals,  insects, 
reptiles,  birds,  and  mammals,  are  high,  around  45°  C.  The  lethal  temperatures 
for  dwellers  in  moist  air  (earthworm,  frog)  are  lower  than  for  inhabitants  of 
dry  air.  Aquatic  animals  die  at  lower  temperatures,  some  of  those  normally 
living  in  cold  waters  dying  of  heat  shock  even  below  30°  C.  The  minimum 
lethal  temperature  depends,  then,  on  the  temperature  at  which  an  animal  has 
been  living  and  on  tHe  rate  of  change  of  temperature. 

ACCLIMATIZATION 

Tcmpciiiturc  acclimatization  occurs  in  nature  and  is  of  two  kinds:  (1) 
genetic,  which  operates  by  selection,  and  (2)  physiological,  in  which  individu- 
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als  alter  their  temperature  resistance  within  genetic  limitations.  There  are 
numerous  examples  of  acclimatization  to  heat  and  to  cold  which  may  have  a 
genetic  basis.  A  frequently-cited  but  never-repeated  experiment  was  conducted 
by  Dallinger,^^  in  which  by  very  gradual  increases  in  temperature  flagellate 
Protozoa  were  after  seven  years  made  to  survive  and  reproduce  at  temperatures 
as  high  as  70°  C,  well  above  the  temperature  which  was  lethal  at  the  begin- 
ning of  the  experiment.  In  hot  springs  chlorophyll-bearing  algae  are  common 
at  60°  C,  and  some  non-green  algae  at  70°.-^    Rhizopods  are  reported  from 
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Fig.  86.  Relation  between  acclimatization  temperature  and  the  temperature  lethal  for 
50  per  cent  of  goldfish  in  14  hours.  Arrows  indicate  death  of  ail  of  a  group  of  fish.  From 
Fry,  Brett,  and  Clawson.^*" 


natural  waters  at  54.5°,  flagellates  at  51°,  and  ciliates  at  46°.  Brues  found 
numerous  insects  and  some  crustaceans  and  snails  in  hot  springs  at  around  38°; 
Chironomus  larvae  were  thriving  at  49-51°  C.  Fish  rarely  are  found  at  tem- 
peratures above  30°,  but  frog  tadpoles  have  been  collected  from  water  at  40- 
4jo_27  y^ese  natural  temperatures  are  well  above  lethal  temperatures  deter- 
mined on  laboratory  specimens  reared  at  lower  temperatures. 

Mayer^-"  reports  Aurelia  from  Halifax  dying  at  29-30°,  those  from  Tor- 
tugas  at  38.5°;  also  Limulus  from  Woods  Hole  dying  at  41.0°,  and  those  from 
southern  Florida  at  46.2°.  Mayfly  nymphs  from  a  11.6°  stream  died  at  22.4°, 
whereas  others  of  the  same  species  from  a  14.5°  habitat  died  at  24.7°.^"^ 
Specimens  of  the  prawn  Pandalus  from  waters  5°  to  7°  C.  at  Kristineberg, 
Sweden,  could  not  be  maintained  in  aquaria  at  temperatures  above  11°  C, 
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whereas  prawns  of  Plymouth,  England,  from  15°  water,  survived  well  at 
temperatures  up  to  17°.''''  Animals  from  cold  waters  have  lower  lethal  tem- 
peratures than  those  from  warm  waters,  and  for  animals  from  a  given  region 
the  temperature  causing  heat  death  is  higher  in  summer  than  in  winter. 

Acclimatization  of  individuals  (physiological  acclimatization)  also  occurs. 
Data  for  several  species  of  fish  reported  by  Hathaway^'^  are  shown  in  Table  60. 
The  effects  of  acclimatization  on  lethal  temperatures  of  goldfish  have  been 
well  studied  by  Fry  and  his  associates  (Fig.  86).^'^  The  upper  lethal  tempera- 

TABLE  60.  TEMPERATURE  TOLERATED  FOR  1  HOUR  ONLY" 


4  Days 

Acclimatization 

Stock  Aquarium 

4  Days  at 

Animal 

at   10°   C. 

22-23°   C. 

30°  C. 

Perch 

3L3 

32 

32 

Large  mouth  bass 

31 

33.4 

36.9 

Bluegill 

32.7 

34.3 

36.3 

Sunfish 

31.2 

35.3 

38 

Toad  tadpole 

36.7 

37.4 

39.8 

ture  increased  1  degree  centigrade  for  every  3  degree  rise  in  acclimatization 
temperature  up  to  36.5°  C,  when  the  high  lethal  was  41°  C;  the  lower  lethal 
temperature  decreased  2  degrees  for  every  3  degree  fall  in  acclimatization  tem- 
perature down  to  17°  C,  when  the  low  lethal  temperature  was  0°  C.  Ap- 
parently the  mechanisms  causing  heat  or  cold  death  are  labile.  Seasonal  differ- 
ences in  lethal  temperatures  are  largely  due  to  acclimatization,  but  other 
factors,  such  as  endocrine  changes,  cannot  be  disregarded. 

Some  of  the  numerous  alterations  which  might  account  for  temperature 
acclimatization  in  cold-blooded  animals  are  well  discussed  by  Fox.^'-  ^'^  Animals 
from  a  cold  environment  show  increased  sensitivity  to  changes  in  temperature. 
The  rate  of  pulsation  in  the  dorsal  blood  vessel  in  Perinereis  and  of  the  heart 
in  several  crustaceans  from  Plymouth,  England,  is  higher  at  a  given  tempera- 
ture and  increases  faster  with  rising  temperature  than  in  animals  from  Tamaris 
(Mediterranean).  At  a  given  temperature  the  oxygen  consumption  of  animals 
from  cold  waters  is  higher  than  the  oxygen  consumption  of  the  same  species 
from  warmer  waters.  For  example,  the  prawn  Pandalus  montagui  from  Kris- 
tineberg  (5°-7°)  had  a  Q02  nearly  twice  that  of  prawns  from  15°  water  at 
Plymouth,  when  both  were  measured  at  10.5°,^"  and  river  lampreys  kept  at 
3°  consumed  50  per  cent  more  oxygen  than  lampreys  from  16°  water,  when 
both  were  measured  at  16°. ^^^^  However,  at  the  temperatures  at  which  they 
normally  live,  the  metabolism  of  warm-water  poikilotherms  is  higher  than  that 
of  arctic  species,  yet  breathing  rates  and  heart  rates  are  not  proportionately 
higher;  hence  animals  from  warm  water  have  more  "non-activity"  metabolism. 
Individuals  of  a  poikilothermic  species  reared  at  low  temperature  are  usually 
larger  than  individuals  from  warmer  waters.*^-  Planaria  tested  at  30°  for  sensi- 
tivity to  cyanide  show  greater  sensitivity  if  reared  at  20°  than  if  reared  at  30°." 
Clones  of  Dapliuia  with  distinctly  different  temperature  optima  have  been 
segregated."' 

Non-hibernating  homoiotherms  can  also  become  acclimatized  to  temperature 
extremes.  The  initial  effect  of  temperature  extremes  in  mammals  is  stimulation 
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of  the  stress-regulating  mechanism  oF  the  adrenal  cortex.  Other  encloerines, 
particularly  the  thyroid,  may  also  be  concerned  in  acclimatization.  Rats  ac- 
climatized to  cold  synthesize  and  store  large  quantities  of  ascorbic  acid  in 
various  tissues,  particularly  in  the  adrenals,  and  guinea  pigs  are  able  to  endure 
cold  only  if  fed  massive  amounts  of  ascorbic  acid.'"  ^lan  shows  temperature 
acclimatization,  as  when  in  a  hot  desert  or  tropics,  but  he  cannot  acclimatize 
to  dehydration.^  Most  arctic  birds  and  mammals  have  more  insulation  than 
tropical  ones,  and  individuals  of  the  same  species  vary  in  fur  coat  according 
to  the  temperature  at  which  they  live;  the  fur  is  heavier  on  rats  and  dogs 
maintained  at  low  temperatures  than  on  those  maintained  at  high  temperatures. 
The  metabolic  changes  occurring  in  acclimatization  have  not  been  identi 
fied.'*'  The  melting  point  of  fats  deposited  in  animal  bodies  at  high  tempera- 
tures is  higher  than  that  of  fats  deposited  at  low  temperatures.  At  low  tem- 
peratures predominantly  unsaturated  fats  are  formed.  Acclimatization  may 
well  be  associated  with  lipid  changes.  Older  suggestions  of  differences  in 
water  content  seem  not  to  hold.  There  may  also  be  changes  in  the  temperature 
response  of  certain  enzymes.  The  inactivation  temperature  for  amylases, 
pepsin,  and  trypsin  from  fish  is  lower  than  for  the  same  enzymes  from  mam- 
mals.-^^-  ^^''^  The  oxygen  consumption  (at  a  given  temperature)  of  brain  tissue 
from  a  polar  cod  is  higher  than  that  of  brain  tissue  from  a  black  bass,  and 
below  10''  changes  in  temperature  alter  respiration  of  the  bass  brain  more  than 
they  do  that  of  the  polar  cod  brain. ^^  Examination  of  optimal  (critical) 
temperatures  and  of  temperature  characteristics  for  a  variety  of  enzymes  from 
organisms  acclimatized  to  high  or  low  temperatures  might  indicate  changes  in 
critical  enzyme  proteins. 

TEMPERATURE  RELATIONS  IN  POIKILOTHERMIC  ANIIVIALS 

In  poikilothermic  animals  the  factors  fa\oring  loss  of  heat  tend  to  equal 
the  factors  producing  body  heat,  and  the  body  temperature  approaches  en- 
vironmental temperature.  However,  small  thermal  gradients  exist  from  regions 
of  active  oxidative  metabolism  toward  the  body  surface,  and  mean  body  tem- 
perature fluctuates  with  muscular  activity.  The  temperature  relations  of 
poikilothermic  animals  are  different  according  to  whether  thev  live  in  water, 
in  moist  air,  or  in  dry  air.  In  water  the  heat  loss  is  by  conduction  and  con- 
vection; in  moist  air  the  evaporative  loss  is  less  than  in  dry  air.  Water  tempera- 
tures are  more  constant  than  air  temperatures;  hence  aquatic  animals  are  less 
subject  to  rapid  gain  or  loss  of  heat. 

Aquatic  Poikilotherms :  Body  Temperature.  Aquatic  poikilotherms  follow 
changes  in  environmental  temperature  rapidly  and  precisely.  Loss  of  heat 
cannot  occur  by  vaporization  (except  in  air  breathers),  and  in  most  aquatic 
animals  there  are  no  mechanisms  for  actixely  reducing  the  heat  loss  which 
normally  occurs  by  conduction  and  conx'cction.  Some  older  measurements  of 
body  temperature  of  aquatic  animals  indicate  \alues  higher  than  the  environ- 
mental temperature,  but  more  recent  data  show  comjilete  conformance  with 
the  environmental  temperature. '"'•'  Certainly  in  small  aquatic  animals  heat 
conduction  is  rapid,  metabolic  rate  low,  and  mean  body  temperature  the  same 
as  water  temperature.  In  larger  animals,  such  as  large  fish,  it  is  probable  that 
during  active  swimming  the  temperature  of  the  muscles  may  be  appreciably 
higher  than  the  skin  temperature.   The  metabolism  of  several  species  of  fish 
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at  16.6°  averaged  only  3.3  per  cent  of  mammalian  heat  production.^ '^'^  Turtles 
in  water  are  at  the  same  temperature  as  the  water  (data  from  Baldwin'^ 
excepted),  and  an  intact  turtle  cools  or  warms  faster  than  a  pithed  one, 
because  of  distribution  of  heat  by  the  blood.^-'"  Frogs  have  less  mass  than 
turtles,  and,  when  dead,  frogs  cool  or  warm  faster  than  when  alive. 

Thermal  Reception  and  Orientation.  Aquatic  poikilotherms  cannot  freeze 
so  long  as  they  remain  in  water.  However,  certain  temperature  ranges  appear 
to  be  most  favorable  for  their  growth  and  maintenance,  and  in  a  temperature 
gradient  they  tend  to  select  or  aggregate  in  a  temperature  range  which  is 
"optimal"  or  nearly  "optimal."  A  behavior  response  implies  that  the  organism 
senses  an  environmental  difference  and  that  some  sort  of  orientation  occurs. 
The  character  of  the  taxic  responses  (orientation)  to  thermal  stimuli  has  been 
discussed  by  von  Buddenbrock-"  and  by  Fraenkel  and  Gunn.*'^ 

The  classic  experiments  of  Jennings'^^  showed  that  ciliate  protozoans  tend 
to  aggregate  in  a  region  of  thermal  neutrality,  avoiding  extremes  of  cold  and 
heat.  When  a  ciliate  enters  a  region  above  or  below  thermal  neutrality,  it 
backs  and  turns  until  it  arrives  in  the  "preferred"  range,  where  specimens  tend 
to  collect.  This  is  well  shown  by  hypotrichs  such  as  Oxytricha,  which  give  a 
characteristic  "shock"  reaction  when  stimulated.  There  is  no  direct  orientation, 
but  rather  selection  by  trial  and  error. 

Leeches  which  normally  suck  warm  blood  (Hiriido  inedicinalis)  are  positive 
to  warm  objects,  responding  to  differences  of  3  degrees  above  the  surface  water 
temperature;  all  other  leeches  fail  to  show  this  temperature  response. •" 

Water  temperature  is  important  in  determining  the  distribution  of  many 
fish,  although  it  is  often  difficult  to  decide  between  temperature  per  se  and 
oxygen  and  CO2  content  as  being  crucial  in  natural  waters.  In  a  gradient 
tank  many  fish,  by  a  combination  of  locomotor  variables,  tend  to  aggregate. 
Herring  are  said  to  show  good  aggregation  reactions  in  water  temperature 
gradients  of  0.5°  C.  and  to  be  able  to  detect  gradients  as  small  as  0.2°  C.^^*' 
The  temperature  selected  depends  on  the  acclimatization  temperature  and  the 
rate  of  transfer  from  one  temperature  to  another  or  the  rate  of  rise  or  fall  of 
temperature,  and  it  is  not  necessarily  the  same  as  the  "normal"  temperature; 
hence  the  term  "optimal  temperature"  has  little  meaning  in  gradient  behavior. 
This  is  well  shown  by  the  following  data"*^  for  the  fish  Girella: 

Acclimatization  Selected 

Temperature  Temperature 

10°  C.  18°   C. 

20  23.6 

30  24.3 

Several  kinds  of  temperature  reaction  and  diverse  receptors  sensitive  to 
tem|)erature  have  been  described  in  fish.  When  the  temperature  of  any  of 
several  kinds  of  fish  is  raised  rapidly  to  some  specific  value  (27.6°  for  catfish, 
26.7°  for  Ihindulus),  a  sudden  flutter-type  reaction  occurs;  this  reaction  is  said 
not  to  occur  if  the  lateral  line  nerves  are  cut.'"'  The  "spontaneous"  activity 
of  tiic  neuromasts  in  the  lateral  line  organ  increases  very  much  with  rising 
temperature;  lience  tlie  fish  brain  must  receive  lateral  line  impulses  correspond- 
ing to  temperature.'^''  In  elasmobranchs  there  are  large  sensory  bulbs  on  the 
surface  of  the  head,  the  ampullae  of  Lorenzini,  which  have  much  in  common 
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with  lateral  line  neuromasts.  They  show  autonomous  rhythmic  activity  which 
initially  increases  on  cooling  and  decreases  on  warming.'"'-  They  respond  to 
a  difference  of  half  a  degree  in  the  range  of  10  to  15°;  after  the  initial  response 
to  cold  or  warmth  they  adapt,  and  the  equilibrium  level  of  activity  varies 
directly  with  temperature.  The  role  in  behavior  of  the  lateral  line  responses  in 
bony  fish  and  the  ampullar  response  in  elasmobranchs  is  not  clear. 

When  warm  or  cold  water  is  squirted  against  the  flank  of  a  bony  fish  the  tail 
fin  gives  a  characteristic  turning  response.  This  stops  after  the  spinal  cord  has 
been  transected  between  the  region  of  stimulus  and  response  but  not  after 
the  lateral  line  nerve  has  been  cut.^-  Hence  the  sense  organs  must  be  in  the 
skin.  Impulses  have  not  been  recorded  in  spinal  nerves  in  response  to  thermal 
cutaneous  stimulation, '"'''  but  they  may  well  be  in  such  small  fibers  that  asyn- 
chronous spikes  would  be  below  the  sensitivity  of  an  amplifier.  Fish  of  several 
sorts  were  trained  to  give  a  feeding  reaction  to  warming,  and  this  response 
persisted  after  cutting  of  the  lateral  line  nerves.^-  It  is  probable  that  assump- 
tion of  a  position  in  a  temperature  gradient  is  also  dependent  on  cutaneous 
thermal  receptors.   Such  receptors  have  not  been  localized  in  Hsh. 

By  a  combination  of  temperature  receptors,  partly  lateral  line  organs,  am- 
pullae of  Lorenzini,  but  principally  cutaneous  thermal  receptors,  Hsh  are 
stimulated  by  heat  and  cold  to  selective  orientation  reactions.  Whether  there 
are  any  vasomotor  reactions  as  well  is  not  known. 

Poikilotherms  Inhabiting  Moist  Air:  Body  Temperature.  In  air,  loss  of  heat 
by  conduction  is  less  important  than  in  water,  but  loss  by  radiation  and  con- 
vection and  loss  by  vaporization  of  water  are  more  important.  For  each  gram 
of  water  evaporated  (at  33°)  580  gram  calories  of  heat  are  absorbed  by  the 
water,  and  the  surface  is  thereby  cooled.  In  sunlight,  absorption  of  radiant  heat 
from  the  sun  may  be  important,  but  this  warming  mechanism  is  seldom  of 
significance  under  water.   • 

Cooling  by  vaporization  depends  on  the  vapor  tension  and  air  currents  in 
the  vicinity  of  the  organism.  The  temperature  of  a- slug  or  of  an  extended 
Helix,  for  example,  is  well  below  that  of  the  surrounding  air  as  measured  by 
a  dry-bulb  thermometer  unless  the  air  is  fully  saturated.  However,  if  the  air 
temperature  is  measured  with  a  wet-bulb  thermometer,  the  slug  is  at  the  air 
temperature.  When-^:?e[ix  withdraws  into  its  shell  it  is  protected  against 
evaporation. ''^'  The  temperature  of  an  earthworm  in  dry  air  soon  diverges 
above  the  wet-bulb  temperature,  owing  to  rapid  surface  drying,"^"  but  in  water 
the  temperature  in  the  intestine  rapidly  adjusts  to  the  environmental  tempera- 
ture.^'^-- "'  It  is  difficult  to  compare  body  temperature  with  air  temperature. 
Few  animals  have  continuous  surface  evaporation,  as  from  a  wet-bulb  ther- 
mometer, yet  all  have  some  evaporation.  Hence,  where  there  is  no  active 
temperature  regulation,  the  body  temperature  must  be  lower  than  a  dry-bulb 
and  may  be  higher  than  a  wet-bulb  temperature.  Active  physiological  regula- 
tion can  be  demonstrated  onK'  if  physical  cooling  by  vaporization  is  eliminated 
bv  measuring  body  temperature  against  a  thermometer  from  which  there  is 
equal  \'aporization,  or  in  a  saturated  atmosphere.  If  measurements  are  made 
in  sunlight,  absorption  of  radiant  heat  must  be  considered. 

The  temperature  relations  of  Amphibia  are  closely  related  to  their  water 
balance.-'  '^-  ^"'^^  ^-•^  Frogs  lose  water  in  proportion  to  the  relative  humidity; 
but  thev  are  unable  to  absorb  water  even  from  saturated  air,  because  their 
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metabolic  heat  results  in  some  evaporation.  Visceral  temperature  is  never  as 
much  as  0.1°  C.  above  surface  temperature;  it  approaches  wet-bulb  tempera- 
ture (Fig.  87).  In  unsaturated  air  the  evaporative  heat  loss  exceeds  the  metab- 
olic heat  gain,  and  the  body  is  cooled  (Fig.  87).  In  Bufo  at  27.6°  C.  and 
relative  humiditv  (R.H.)  of  82  per  cent,  the  body  temperature  was  26.5°;  at 


Fig.  87.  The  internal  temperature  ot  frogs  exposed  to  air  moving  at  different  speeds. 
Data  are  given  in  relation  to  the  wet-bulb  temperature  (W.  B.);  dry-bulb  temperature 
(D.  B.).   From  Mellanby.'^ 

the  same  temperature,  with  relative  humidity  of  27  per  cent,  the  body  tempera- 
ture was  17.5°.'-''  In  dry  air  so  much  heat  is  lost  by  vaporization  that  heat  can 
be  gained  Irom  the  air  by  conduction.'*  The  metabolism  of  an  amphibian 
calculated  for  37°  is  only  one-fifth  that  of  a  mammal  (mouse)  of  comparable 
size.'"  At  20°  a  frog  produced  CO^  equivalent  to  6  cal./hr.  but  hourly  lost 
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3.2  gm.  of  water,  which  absorbed  2000  cal.'--'  Heat  loss  by  conduction  and 
radiation  is  low,  compared  with  loss  by  vaporization.  Aquatic  amphibia  are 
at  the  same  temperature  as  the  water;  in  air  they  approach  wet-bulb  tempera- 
ture, heat  loss  by  vaporization  always  exceeding  heat  production. 

Thermoreception.  The  skin  of  the  frog  contains  receptors  for  both  heat  and 
cold,  spinal  reflexes  being  elicited  when  the  heat  receptors  are  stimulated  at 
39  to  43°  and  the  cold  receptors  at  10°.'-"  These  receptors  are  clearly  distinct 
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Fig.  88.   The  highest  temperature  at  which  the  insects  stated  can  survive  exposures 
of  1  hour  under  conditions  of  controlled  atmospheric  humidity.   From  Mellanby.'"' 

from  touch  and  pressure  receptors,  and  are  probably  distinct  from  pain  recep- 
tors, although  the  impulses  from  both  thermal  and  pain  receptors  probably 
travel  in  very  small  fibers. 

Poikilotherms  in  Dry  Air.  Insects  and  reptiles  are  poikilotherms  which 
show  rudiments  of  temperature  regulation. 

Body  Temperature  of  Insects.  Insects  show  wide  variability  with  respect  to 
loss  of  heat  by  vaporization  and  absorption  of  heat  by  radiation.  Accurate 
temperature  measurements  of  several  large  insects  QBlatta  and  Periplaneta,^-^ 
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the  desert  locust  Schistocerca,-^  and  the  grasshopper  Gastrimargus^^'^^  show 
body  temperatures  lower  than  air  in  warm  dry  air,  but  in  warm  moist  air  they 
show  temperatures  higher  than  air.  At  low  temperatures  differences  in  humidi- 
ty have  little  effect,  and  the  body  temperature  may  be  slightly  above  the  air 
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Fig.  89.  The  highest  temperatures  at  which  insects  can  survive  exposures  for  24  hours, 
under  conditions  of  controlled  atmospheric  humidity.   From  Mellanby.*^^ 

temperature  (dry-bulb).  Some  insects  are  hygroscopic,  that  is,  gain  weight  in 
a  high  humidity;  under  such  conditions  body  temperature  must  rise  above 
air  temperature.  In  the  roach,  evaporation  increases  at  temperatures  above  30° 
because  of  increased  permeability  of  the  waxy  layers  of  the  cuticle  (see  Chapter 
2).  Most  water  loss  is  by  way  of  the  spiracles,  and  death  in  warm  dry  air  may 
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result  from  desiccation.  The  degree  of  temperature  which  was  lethal  within 
one  hour  was  not  affected  by  humidity  for  a  series  of  small  insects.  Specimens 
of  Tenehrio  larger  than  100  mg.  survived  better  in  dry  air  than  specimens 
smaller  than  30  mg.  (Fig.  88).  However,  for  heat  death  in  24  hours,  tempera- 
tures effective  against  those  species  which  lack  mechanisms  for  water  retention 
were  much  lower  in  dry  air  than  in  moist  air  (Fig.  89). ^^^  For  example,  the 
louse  Pediculus  survived  24  hours  at  38°  at  90  per  cent  relative  humidity,  but 
died  at  33°  at  0  per  cent  humidity.  The  results  indicate  that  the  primary  cause 
of  death  was  dehydration  and  not  high  temperature  per  se.  The  cooling  effect 
of  evaporation  in  dry  warm  air  is  entirely  passive  and  occurs  in  dead  insects. 
A  balance  sheet  of  heat  relations  of  a  live  grasshopper^'''*  shows  that  essentially 
no  heat  is  lost  by  radiation  and  conduction  at  low  humidities,  and  that  at  90 
per  cent  humidity  loss  of  heat  by  vaporization  still  exceeds  loss  by  other 
channels.  The  presence  of  cuticular  wax  and  spiracular  closing  favors  water 
retention  but  decreases  cooling. 
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Fig.  90.  Influence  of  muscular  activity  on  the  body  temperature  of  a  female  Cecropia 
moth,  4  days  after  emergence.  In  the  diagram  A  to  B  denotes  periods  of  wing  movement. 
From  Oosthuizen.^^'' 


Insect  heat  of  metabolism  is  considerable,  especially  in  flight  muscles. 
Thermocouple  measurements  of  butterflies  (Vanessa)  and  of  lamellicorn 
beetles  and  some  other  insects  show  temperatures  similar  to  that  of  the 
environment  in  resting  insects  but  rapid  increase  in  temperature  prior  to 
flight^^'  ^"^'  '•'-  (Fig.  90).  In  flight,  breathing  accelerates,  and  the  temperature 
rises  more  in  wing  muscles  than  in  the  rest  of  the  body.  Some  insects  show 
warming-up  movements  of  the  wings,  others  show  muscle  action  potentials  but 
no  visible  movement.  The  duration  of  warming-up  is  longer  at  low  than  at 
high  air  temperature;  Vanessa  warmed  up  for  over  6  minutes  at  11°,  IVz 
minutes  at  23°,  18  seconds  at  34°,  and  not  at  all  at  37°.  Muscle  temperature 
in  this  butterfly  is  about  35°  at  take-off  and  37°  during  active  flight. ^^  The 
heat  produced  corresponds  to  a  metabolism  of  30  1.  02/kg./hr.  before  flight.^"** 

Metabolic  heat  is  used  in  varying  amounts  in  colonial  Hymenoptera,  and 
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the  optimal  temperature  for  brood  development  is  high.  The  optimum  for 
ants  (Formica  nifa)  covers  a  range  of  23  to  29°;  the  optimum  for  Vespa  is  30 
to  32°  whereas  for  honeybees  the  brood  optimum  is  34.5-35°,  and  brood 
survival  is  limited  to  the  range  of  32  to  36°.-'-  '^"^  In  the  summer  when  the  air 
temperature  rises  above  the  optimum  for  the  brood,  the  bee  workers  frequently 
transport  water  into  the  nest,  and  aid  evaporation  by  fanning.  Ants  transport 
brood  to  cooler  chambers  in  the  nest.  By  these  means  the  brood  temperatures 
are  kept  lower  than  the  air  temperatures. 

In  winter  most  colonial  Hymenoptera  cluster  together,  and  the  temperature 
of  the  cluster  may  be  kept  well  above  the  air  temperature  (Fig.  91).  If  the 
temperature  falls  to  8-10°  C.  bees  show  great  uneasiness,  the  outer  bees  being 
more  active  than  those  in  the  interior  of  the  cluster.  Heat  is  conserved  also 
by  the  insulating  wall  of  the  nest,  by  closing  nest  openings  (ants),  and  by 
other  physical  means.  There  is  much  species  variation  in  the  insulating  value 
of  the  nest  covering.  Ants  also  build  special  hibernating  chambers;  their  body 
water  content  is  decreased  and  metabolism  reduced  in  hibernation.  Cold  rigor 
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Fig.  9 1 .  Temperature  of  honeybee  cluster  in  winter.  From  Himmer.*'* 

occurs  in  bees  at  about  7°,  in  wasps  and  ants  at  about  0°.  Apparently  food 
absorption  is  reduced  critically  at  these  temperatures,  since  bees  die  at  tempera 
tures  above  freezing  with  their  stomachs  full  of  sugar.  Hymenoptera  combine 
chemical  and  physical  means  in  maintaining  a  relatively  constant  temperature 
of  the  nest. 

In  addition  to  producing  metabolic  heat,  insects  can  absorb  radiant  heat 
from  the  sun  and  from  a  radiating  substratum  such  as  a  hot  rock.  Summaries 
of  available  data  of  absorption  and  reflection  are  found  in  the  literature;'"'''  ^'- 
the  most  complete  measurements  are  by  Rucker.'*^^  There  is  little  correlation 
between  color  as  seen  in  visible  light  and  the  transmission  by  the  body  wall  of 
infrared  (wave  length  1-3  /x).  The  absorption  of  infrared,  hence  of  radiant 
heat,  ditters  less  from  insect  to  insect  than  does  absorption  of  difl:erent  visible 
wave  lengths.  In  general,  however,  dark  insects  absorb  more  infrared  than 
light-colored  ones.  For  example,  the  dark  elytra  of  the  beetle  CMrahus  reflect 
less  than  half  of  the  infrared  and  reflect  least  at  2.15  jn,  whereas  the  white 
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wings  of  the  cabbage  butterfly,  Pieris,  reflect  more  of  the  infrared  and  reflect 
least  at  3  fiJ^^  A  light  snout  beetle  (Compsus  niveus)  absorbs  26  per  cent  and 
a  dark  carrion  beetle  (Silpha  ohscura)  absorbs  95  per  cent  of  the  infrared 
impinging  on  it.  A  dark  brown  grasshopper  on  sunny  desert  sand  remained 
4-5°  warmer  than  a  light  buff^  grasshopper. ■'■'  Desert  locusts  ( Schist ocerca)  are 
very  inactive  below  17°,  begin  to  move  at  17  to  20°,  and  at  this  temperature  in 
the  morning  take  a  position  on  an  eastern  slope  with  their  bodies  oriented 
perpendicularly  to  the  sun's  rays,  thus  receiving  maximal  radiation.""'  "'  At 
28°  they  start  to  migrate,  or  at  higher  temperatures  (above  40°)  they  rest  on 
a  bush  parallel  to  the  sun's  rays,  thus  receiving  minimum  radiation.  In  the 
evening  when  the  temperature  falls  the  locusts  again  aggregate  in  a  position 
perpendicular  to  the  sun's  rays,  this  time  on  a  western  slope. 

Teviperatiire  "Sense"  in  Insects.  Another  factor  in  maintenance  of  some 
constancy  of  temperature  in  terrestrial  poikilotherms,  particularly  insects,  is 
selection  of  a  "preferred"  temperature  when  subjected  to  a  gradient.^^^  The 
selected  temperature  is  not  necessarily  "optimal,"  and  often  varies  greatly 
with  the  temperature  to  which  the  insects  have  prexiously  been  adapted.  The 
eff^ect  of  acclimatizing  temperature  on  the  selected  temperature  is  shown  by 
the  following  data: 
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In  some  other  insects  the  temperature  prior  to  a  gradient  test  makes  little 
difference. 

The  type  of  insect  and  also  the  stage  in  life  cycle  are  important.  For  example, 
some  dung  maggots  while  actively  feeding  select  a  tenrperature  of  30°  to  37°, 
which  is  within  the  usual  temperature  range  of  their  medium  and  near  the 
temperature  of  maximum  growth  (34"");  when  they  become  ready  to  leave  the 
dung  to  enter  the  ground  for  pupation  the  temperature  selected  falls  to  15°.^*^^ 
In  general,  diurnal  beetles  select  higher  temperatures  than  do  nocturnal 
species,  and  temperature  preferences  vary  with  geographic  races  of  the  same 
species.^"'* 

Often  the  selected  temperature  is  higher  for  insects  with  a  high  lethal 
temperature  than  for  those  with  a  low  lethal  temperature,  as  shown  by  the 
following  data^^*'  on  flies: 
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At  low  temperatures  activity  of  insects  ceases  and  the  temperature  at  which 
movement  resumes  diff^ers  with  the  species.  This  is  particularly  evident  when 
one  watches  the  "awakening "  of  diff^erent  species  in  the  morning  after  a  cool 
night. 
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The  mechanisms  of  perception  of  thermal  gradients  by  insects  are  not  well 
known,  and  some  temperature  selection  may  well  depend  on  the  absolute 
temperature  and  hence  on  the  activity  of  the  nervous  system.  There  are, 
however,  peripheral  thermal  receptors  in  some  insects.  In  crickets  the  antennae 
perceive  air  temperature  and  the  tarsi  perceive  ground  temperature,  while 
mouthparts  and  cerci  also  are  temperature  sensitivc^*^  In  grasshoppers  which 
orient  in  the  sun,  receptors  appear  to  be  scattered  over  the  whole  body.^°  The 
antennae  are  more  sensitive  to  thermal  stimuli  than  other  regions  in  most 
insects.  The  blood-sucking  bug  (Rhodnitis)  is  attracted  to  a  mammal  partly 
by  smell,  but  from  short  range  it  is  attracted  by  thermal  gradient  in  the  air."^' 
The  eyes  are  not  used,  but  the  bug  waves  its  antennae  about  as  if  comparing 
the  temperature  gradient,  and,  if  the  antennae  are  removed,  the  insects  become 
torpid  and  unresponsive  to  warm  objects.  Bedbugs  and  phasmids  also  have 
warmth  receptors  on  the  antennae.  A  positive  reaction  to  warmth  is  important 
also  in  enabling  a  mosquito  to  locate  its  prey.  The  physiology  of  thermo- 
reception  in  insects  has  not  been  studied,  and  there  seems  to  be  no  evidence 
for  cold  receptors. 

The  manner  of  orientation  and  aggregation  in  thermal  gradients  has  been 
discussed.**^  In  no  insect  is  orientation  direct,  as  it  may  be  to  light,  but  rather 
it  is  achieved  by  trial  and  error.  There  are  random  movements,  particularly 
of  antennae,  so  that  the  response  appears  to  be  a  "reflex  pursuit  of  the  antennae 
into  a  zone  of  optimal  stimulation. "^'^•^  Stimulation  is  by  heat  gradient,  not  by 
radiant  heat,  and  only  in  the  parasites  of  warm-blooded  animals  can  heat  act 
as  a  token  stimulus.  Selection  then  depends  more  on  activity  than  on  direction 
of  movement.  The  activity  of  blowflies  kept  12  hours  at  different  temperatures 
was  maximal  at  30°,  which  was  in  the  middle  of  the  selected  range,  whereas 
if  the  temperature  was  raised  from  1°  to  45°  during  6  hours,  peaks  of  activity 
were  noted  at  20°  and  at  42°.  Thus,  although  there  might  be  changes  in 
activity  associated  with  temperature  change,  the  equilibrium  activity  seemed 
correlated  with  temperature  selection. ^-'•'  When  presented  with  two  sources 
of  heat  stimulation,  insects  such  as  lice  circle  between  the  two  sources  and  then 
go  toward  one  of  them.'^'' 

In  insects  in  general,  body  temperature  is  normally  that  of  the  environment, 
when  allowance  is  made  for  evaporation,  but  slight  regulation  against  tempera- 
ture stress  can  be  brought  about  by  (1)  altering  water  loss  or  retention;  (2) 
using  metabolic  heat  as  in  exercise;  (3)  clustering,  fanning,  and  transporting 
water,  as  by  colonial  species;  (4)  orientation  of  position  and  absorption  of 
radiant  heat;  and  (5)  aggregation  in  regions  of  selected  temperature.  Loco- 
motion toward  a  heat  source,  best  seen  in  parasites  of  homoiotherms,  is  not 
direct  and  appears  to  depend  on  comparison  of  thermal  gradients  by  receptors, 
particularly  on  the  antennae. 

Body  Temperature  of  Reptiles.  Reptiles  are  the  largest  poikilotherms,  and 
from  them  the  homoiothermic  animals  arose.  The  change  in  body  temperature 
of  reptiles  with  change  in  environmental  temperature  is  slow  because  of  their 
high  specitic  heat  (Fig.  92),  and  numerous  adaptations  anticipate  true  tempera- 
ture regulation.  The  rectal  temperature  in  large  pythons  increases  with 
activity,  and  the  body  temperature  of  a  female  python  incubating  eggs  was 
33°  in  air  of  31°,  whereas  between  the  coils  the  temperature  was  higher 
(33.5°).'"  Reptiles  are  much  less  dependent  on  humidity  than  are  amphibia. 
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and  when  the  humidity  decreases  at  a  constant  air  temperature  the  reptile  body 
fails  to  cool  significantly  (Fig.  93). '^^  The  body  coat  of  horny  scales  is  not 
sufficiently  permeable  to  water  to  permit  much  evaporation,  although  the 
temperature  of  small  snakes  averaged  0.3°  below  air  temperature  in  the  range 
from  10°  to  30°  C.^'°  A  series  of  reptiles,  mostly  snakes  and  large  turtles,  at 
20-25°  vaporized  only  2-6  gm.  HjO/kg./24  hrs.,'"  in  contrast  to  76  gm.  by 
frogs. ^•'■^ 

Benedict  has  studied  in  detail  the  temperature  relations  and  heat  production 
by  reptiles,  particularly  large  snakes.""'  The  metabolism  is  relatively  constant 
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Fig.  92.  Influence  of  changes  in  environmental  temperature  on  rectal  temperature 
of  a  python  snake.   From  Benedict.^® 

for  various  snakes  at  a  given  temperature;  e.g.,  at  22°,  it  is  21-24  cal./m.-/24 
hrs.  The  turtles  produce  more  heat  than  do  snakes  or  alligators,  giant  tortoises 
producing  several  times  as  much  as  snakes.  In  snakes,  lizards,  and  turtles  the 
heat  production  increases  as  the  temperature  rises.  At  16°  the  level  of  heat 
production  of  reptiles  is  similar  to  frog  metabolism  and  may  be  higher  than  it 
is  in  some  fish.^^^ 

Many  snakes  and  lizards  absorb  much  radiant  heat  while  basking  in  the 
sunlight.  Lizards  in  the  sun  at  air  temperature  of  13°  C.  had  a  cloacal  tempera- 
ture of  38°  C.^^  They  may  orient  themselves  to  receive  maximum  radiation, 
and  it  is  reported  that  the  chromatophores  of  some  lizards  are  expanded  during 
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the  period  of  warming-up  but  are  constricted  once  an  optimal  temperature  is 
reached."'-'  Desert  animals  restrict  their  foraging  to  those  periods  of  the  day 
when  the  temperature  is  neither  too  cold  nor  too  hot.  When  the  body  tempera- 
ture of  the  desert  iguana,  for  example,  approaches  43°  it  goes  into  the  shade 
of  bushes  or  underground.  The  horned  toad  (Phrynosoma)  shows  discomfort 
at  40°  •''  and  burrows  at  temperatures  above  40°  or  below  20°.^^*^  An  important 
factor  in  limiting  survival  of  reptiles  at  temperatures  above  45°  is  the  decreased 
affinity  of  their  hemoglobin  for  oxygen  (Ch.  9,  p.  312).  At  50°  the  blood  of 
a  chuckwalla  (Sauromalus)  could  not  become  more  than  50  per  cent  saturated 
with  oxygen  at  atmospheric  tension,^'*  whereas  the  tension  for  50  per  cent 
saturation  of  the  blood  of  a  gila  monster  (Heloderma)  rises  from  an  O^  tension 
of  32  mm.  Hg  at  20°  to  60  mm.  Hg  at  37.5 °.-*-* 

Little  is  known  about  thermal  sense  in  reptiles,  but  there  appear  to  be 
epidermal  receptors,  stimulation  of  which  causes  snakes  to  approach  warm 
objects.  The  pit  vipers  (Crotalidae)  have  facial  sensory  pits  and  some  boas 
have  labial  pits,  both  of  which  are  temperature  receptors.  These  snakes  strike 
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Fig.  93.  Comparison  of  change  in  body  temperature  of  several  species  of  amphibians 
and  reptiles  when  the  relative  humidity  was  lowered  from  100  per  cent  to  7  per  cent 
saturation  at  20°.   From  Hall  and  Root.™ 

at  a  warm  object  and  distinguish  slightly  warm  from  air-temperature  objects 
only  if  the  pits  are  intact  and  even  when  other  sensory  structures  in  the  head 
are  inactivated.^-'*^" 

Poikilotherms  lack  efficient  mechanisms  of  heat  retention;  hence  in  low 
environmental  temperatures  their  metabolic  activity  is  limited,  and  as  the 
temperature  rises  heat  distribution  from  the  body  surface  depends  largely  on 
an  active  circulatory  system.  It  has  been  suggested  that  the  giant  reptiles  were 
adapted  nietabolically  to  high  temperatures  and  that  their  circulatory  systems 
were  sluggish  at  the  low  temperatures  of  the  Pleistocene,  so  that  they  could  not 
make  suflicient  use  of  radiant  heat.  Smaller  reptiles  would  be  less  dependent 
on  their  circulation,  and  their  temperature  would  have  less  of  a  lag  behind 
that  of  the  environment. 
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In  turtles  and  frogs  the  arterial  blood  pressure  is  directly  related  to  blood 
temperature,  and  when  the  brain  is  pithed  the  blood  pressure  is  no  longer 
responsive  to  temperature.'^''  Local  warming  or  cooling  in  the  hypothalamus 
of  the  turtle  but  not  in  other  regions  of  the  brain  has  an  effect  on  blood 
pressure.  In  birds  and  mammals,  also,  a  drop  in  body  temperature  is  accom- 
panied by  a  decrease  in  blood  pressure.  Rodbard'^*'  has  suggested  that  the 
temperature-regulating  center  of  homoiotherms  evolved  from  a  region  of  the 
hypothalamus  responsible  for  circulatory  adjustment.  Migration  of  vertebrates 
from  water  to  land  has  been  accompanied  by  development  of  a  tolerance  for 
greater  and  more  rapid  changes  of  external  temperature  than  occur  in  water. 
Reptiles  tolerate  a  wide  range  of  body  temperature  and  a  corresponding  range 
of  autonomic  function;  birds  and  mammals  tolerate  a  narrower  range  of  body 
temperature.  It  would  be  of  interest  to  know  whether  fish  have  a  temperature- 
sensitive  autonomic  center  comparable  to  that  in  turtles. 

TEMPERATURE  RELATIONS  IN  HOMOIOTHERMIC 
AND  HETEROTHERMIC  ANIMALS 

Birds  and  mammals  differ  from  all  other  animals  in  having  a  temperature- 
sensitive  center  in  the  brain  which,  by  altering  heat  retention  and  heat  pro- 
duction, acts  as  a  thermostat  for  the  body.  Cooling  mechanisms  come  into  more 
prominent  action  in  high  environmental  temperatures,  and  warming  mechan- 
isms in  low  external  temperatures,  so  that  over  a  limited  environmental 
range  body  temperature  is  relatively  constant.  However,  body  temperature 
shows  diurnal  fluctuations  associated  particularly  with  muscular  activity, 
feeding,  and  digestion.  The  diurnal  temperature  variation  is  less  in  large 
birds  than  in  small  birds,  and  nocturnal  birds  such  as  the  owl  have  their 
temperature  maximum  during  the  night. '•'''  Similar  maxima  at  night  occur  in 
nocturnal  mammals,  such  as  the  opossum.^-'  When  the  activity  rhythm  is 
reversed  by  changing  the  illumination,  the  body  temperature  rhythm  is  also 
reversed.  Ability  to  regulate  body  temperature  varies  ako  with  age,  maturity, 
metabolic  state,  and  other  factors.  The  temperature  in  the  interior  of  the  body 
is  higher  than  at  the  body  surface.  In  a  nude  man  at  an  air  temperature  of  34° 
C.  various  body  regions  were  within  2.5  degrees  of  one  another  in  temperature, 
but  at  an  air  temperature  of  22°  C.  the  rectal  temperature  was  36.5°  C, 
while  that  of  the  hands  was  30°,  and  that  of  the  feet  27°.^*'  In  a  dog  at  37.2° 
C.  (per  rectum),  the  temperature  of  thigh  muscle  was  36.4°,  and  of  thigh  skin 
33.4°.^''  At  an  air  temperature  of  100°  F.  man  gains  when  clothed  200  cal./hr., 
and,  since  the  skin  absorbs  nearly  all  impinging  rays  (as  a  black  body),  the 
absorption  is  twice  as  great  in  the  sun  as  in  the  shade.'*  In  exercise  the  skin 
temperature  first  rises,  then  falls  as  sweating  begins. 

Degrees  of  Homoiothermy.  Some  representative  body  temperatures  of 
birds  and  mammals  are  given  in  Table  61.  Birds  are  higher  in  body  tempera- 
ture than  mammals,  and  "higher"  mammals  have  higher  temperature  and 
better  regulation  than  more  primitive  orders. ^"^  Extensive  tables  of  body 
temperatures  are  given  by  Kanitz-'^  and  by  VVislocki;'"'  homoiothermism  is 
discussed  by  Pearse  and  Hall,^'"*  and  temperature  regulation  in  man  is  pre- 
sented by  Burton,^^  and  Dubois.^^'  It  has  been  suggested^-''  that  since  sperma- 
togenesis is  temperature  sensitive,  the  presence  of  a  scrotum  keeps  the  testes 
at  lower  than  body  temperature  and  favors  survival.  Sterility  occurs  in  rodents, 
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TABLE  61.  NORMAL  BODY  TEMPERATURES  AND  LETHAL 
TEMPERATURES  OF  HOMOIOTHERMIC  ANIMALS 


Normal 

("usual")  Body 

Animal 

Conditions 

Temperature 

Low  Lethal 

High  Lethal 

FowP 

40.5 

45.45 

Hen'"^ 

22.8-23.9  (1  hr.J 

OwP' 

40.4-41.1 

FowP' 

41.4-41.9 

House  wren^ 

23.2°  air 

40.2  <J 
40.6$ 

33.2 

46.8 

English  sparrow'^ 

37-43°  air 
0-37°    " 

41.5 

43.5  (long  time) 

Eastern  chip,  spar.* 

40.5  5 
40.5$ 

Mouse"^ 

36.25 

43.3 

Rat" 

38.1 

45  (79  min.) 

"     176 

/ 

13-14 

42-43 

Guinea  pig"' 

48  (100  min.) 

Calf" 

52(5Vihr.) 

Peromyscus  adult"" 

37.6 

Chipmunk^"' 

38.6 

_ 

Short-tailed  shrew"* 

35.7 

30.25 

Ground  squirrel"^ 

active 
s.  torpor 

32-41 
29-32 

hibern. 

0.5-1.0  above  air 

3.5"" 

Gopher"^ 

air  4° 

33.8-35.0 

Woodchuck"' 

hibern. 

3 

Rabbie" 

37.8-40 

"           157 

39.5-39.9 

Cat" 

19-20 

Bat^ 

dormant 
active 

7.5 
36.8 

Three-toed  sloth^* 

40  (2  hr.) 

Bat* 

tropical 
German 

8 

-5 

Mammals" 

14-22 

Didelphys'-' 

tropical 

35.5±0.7 

Macacus  rhesus"' 

38.2-38.6 

Chimpanzee"' 

36.3-37.8 

Man"* 

36.3-37.25 

Ant-eater"* 

34.5 

24-25 

Elephant"* 

35.7-36.7 

Whale"* 

36-37 

dogs  and  men  when  the  testes  are  intra-abdominal  or  are  heated  in  the  scrotum. 
There  are  exceptions,  however,  as  in  the  monotremes  and  insectivores,  the 
whale,  elephant,  rhinoceros  and  seal,  all  of  which  have  intra-abdominal  testes. 
In  birds  the  testes  are  intra-abdominal;  however,  spermatogenesis  is  said  to 
occur  only  at  night,  when  body  temperature  declines,  and  in  some  birds  the 
testes  migrate  into  a  space  between  air  sacs  during  the  breeding  season. 

The  more  primitive  mammals  have  lower  body  temperatures  during  normal 
activity  than  do  higher  mammals,  and  their  temperature,  although  well  above 
that  of  the  environment,  fluctuates  with  air  temperature.  The  poorly  regula- 
ting lower  mammals  are  heterothermic  (Table  62).   Temperature  regulation 
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TABLE  62.  BODY  TEMPERATURE  AS  RELATED  TO  AIR  TEMPERATURE 
IN  A  FEW  SELECTED  HETEROTHERMIC  MAMMALS 


Air  Temperature 

Body  Temperature 

Animal 

"C 

(Usually  Rectal)  "C 

Echidna"" 

15 

28-28 

Ornithorhyncus"" 

5 

31.8 

20 

32.6 

32 

33.6 

35 

35.6 

Several  AustraHan  marsupials"" 

15 

36.5 

Didelphis  mars.  (Eten  opossum)"' 

26.5 

37.5 

day 

38.5 

night 

Metachirus  (brown  opossum)'" 

" 

33.8 

day 

35.7 

night 

Didelphis  virg.  (Virginia  opossum)'"' 

14 

32 

23 

34 

26 

34.5 

Dasypus  (armadillo)"* 

19 

32.5 

24 

34.5 

Eptesicus  (bat)"'' 

7.2 

8.3 

dormant 

36.5 

active 

Marmota  (woodchuck)'" 

16 

36 

28 

37 

30-35 

38.5 

Hamster"* 

4 

35-36  active 
5   dormant 

Rhinolophus  (bat)'" 

10.5 

35.5 

20 

40 

Bradypus  (sloth)'"' 

24.4-30 

27.7-36.8 

Bradipus  (sloth)'^ 

13.4 

29.2 

22.1 

30.3 

Citellus  (ground  squirrel)"^ 

0-10 

35.5 

25-30 

38.4 

-1.7-10 

.2-5  i 

ibove  air 

temperature 

(hibernating) 

is  poor  in  Echidna,  better  in  Ornithorhynchus.  Sloths,  opossums,  and  bats 
show  some  temperature  fluctuation  with  the  environment.  Figure  94  gives  the 
body  temperature  of  a  Central  American  opossum  as  a  function  of  air  tempera- 
ture; this  is  a  nocturnal  species,  and  the  body  temperature  while  the  animal  is 
awake  is  consistently  higher  than  while  it  is  asleep,  although  temperature 
changes  are  greatest  in  warm  or  cold  air.^-"  Most,  perhaps  all,  of  these  hetero- 
thermic  mammals  readily  enter  a  state  of  cold  narcosis  at  low  air  temperatures. 
Development  of  Homoiothermy.  Newborn  mammals  or  recently  hatched 
birds  show  poor  temperature  regulation.  A  two-day-old  mouse,  for  example,  is 
essentially  a  poikilothermic  animal;^^^  at  10  days  a  mouse  regulates  in  inter- 
mediate air  temperatures,  and  at  20  days  in  extreme  temperatures.  A  six-day 
rat  has  a  body  temperature  1.3-1.8  degrees  above  the  environment  over  the 
range  of  24  to  37°,  and  0.5  degree  or  less  above  the  air  at  temperatures  below 
about  20°;  at  12  to  16  days  control  occurs  during  activity,  and  at  25  days  the 
rat  approaches  the  adult  condition. ''^  Development  of  temperature  regulation 
may  be  correlated  with  development  of  myelination  in  nerve  fibers  in  the 
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hypothalamus.28  i^  man,  development  of  temperature  regulation  may  take 
several  years.-"  Temperature  regulation  is  perfected  in  chickens  4  to  5  days 
after  hatching.^-*"  In  the  house  wren  temperature  regulation  appears  gradually 
during  the  two  weeks  after  hatching  (Fig.  95).  Regulation  is  accompanied  by 
increasing  sensitivity  of  the  heat  center  and  increasing  basal  metabolism.  In 
the  wren,  for  example,  metabolism  as  measured  by  COo  output  increases  with 
age  up  to  12-15  days;  as  regulation  appears  the  CO2  production  is  highest  at 
low  air  temperature  and  is  minimal  at  37.8°.  The  air  temperature  at  which 
metabolism  is  minimal  is  well  below  body  temperature.  Similarly,  water  loss 
was  increased  by  4.6  times  from  21.7°  to  37.8°  in  wrens  0,  3,  and  6  days  old, 
but  hardly  at  all  in  adults;  however,  at  air  temperature  of  40°  the  water  loss 
was  twice  the  loss  at  37.8°,  regardless  of  age.'-***  Young  swifts  are  able  to  survive 
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Fig.  94.  Body  temperature  as  a  function  of  air  temperature  in  a  nocturnally  active 
Central  American  opossum,  Metachirtis.  From  Morrison.^"' 


fasting  longer  than  adults,  because  their  metabolism  and  temperature  fall  and 
they  enter  a  hunger  coma.^*''^ 

Thermal  Stimulation.  The  mechanisms  of  heat  regulation  are  activated  in 
two  ways:  by  thermal  receptors  in  the  skin,  and  by  direct  stimulation  of  the 
thermoregulator  in  the  brain  by  changes  in  blood  temperature.  The  thermal 
receptors  in  the  skin  may  elicit  vasomotor  reflexes  even  though  the  individual 
is  not  conscious  of  heat  or  cold  sensation.  Observations  on  man  show  that 
the  receptors  for  cold  are  probably  the  bulbs  of  Krause,  located  at  the  outer 
border  of  the  skin  layer  containing  blood  vessels,  that  is,  at  a  depth  of  about 
0.1  mm.,  whereas  the  warmth  receptors  are  the  Ruflini  organs,  which  lie  deeper 
in  the  skin  (0.3  mm.),  where  blood  vessels  are  abundant.'--  '•*  Much  sensory 
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summation  occurs,  in  that  the  threshold  for  stimulation  of  large  areas  is  less 
than  that  for  stimulation  of  single  sensory  endings,  an  area  of  cold  receptors 
being  stimulated  by  a  fall  of  0.004°/sec.,  and  one  of  warmth  receptors  by  a  rise 
of  0.001  °/sec.  for  3  seconds.'-  Non-penetrating  infrared  is  more  effective  as  a 
thermal  stimulus  than  are  penetrating  rays;  therefore  the  thermal  sense  appears 
to  depend  more  on  the  thermal  gradient  in  the  skin  than  on  absolute  tempera- 
ture or  even  rate  of  change  of  temperature  in  the  skin.'-'-*  It  is  also  possible  to 
obtain  pain  with  thermal  stimulation,  but  the  skin  receptors  are  not  the  same, 
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Fig.  95.  Body  temperature  of  wrens  at  different  air  temperatures  at  different  ages 
after  hatching.  From  Kendeigh."* 

as  shown  by  the  following:  the  pain  threshold  is  raised  and  the  heat  threshold 
lowered  by  acetylsalicylic  acid;  after  occluding  tbe  blood  flow  to  an  arm  for 
some  minutes  only  the  pain  sense  remains,  and  pain  shows  little  summation  as 
compared  with  heat  or  cold.^^  The- threshold  for  pain  by  a  3-minute  thermal 
stimulation  is  0.218  cal./cm.-/sec.,  compared  with  the  warmth  threshold  of 
0.00015  cal./cm.-/sec.i-''^- 

The  nervous  pathways  by  which  reflex  responses  to  thermostimulation  are 
elicited  are  not  well  known.  There  may  be  local  vascular  reactions,  largely 
by  axon  reflexes,  also  some  direct  responses  of  blood  vessels  to  temperature 
change,  but  the  principal  responses  of  vasodilation,  vasoconstriction,  and  hair 
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erection  (pilomotor  response)  may  occur  in  distant  regions  of  the  body  by 
reflexes  which  traverse  hypothalamic  centers.  Whether  there  are  by-pass  con- 
nections directly  to  the  vasomotor  center  in  the  medulla  from  ascending  tracts 
carrying  impulses  from  thermoreceptors  or  whether  all  of  these  impulses  go 
first  to  the  temperature  center  in  the  hypothalamus  is  not  established.  In  any 
case  the  initial  reflex  reactions  have  the  effect  of  altering  the  body  insulation, 
increasing  or  decreasing  heat  loss  from  the  skin.  Removal  of  parts  of  the 
cerebral  cortex  from  cats  and  dogs  results  in  abnormal  temperature-regulating 
reflexes,  particularly  to  cold;  hence  the  cortex  may  be  required  for  proper 
responses  of  the  temperature  center. ^^^  Decerebrate  and  spinal  animals  are 
unable  to  show  temperature  regulation. 

When  the  environmental  changes  in  temperature  are  sufficient  that  the 
insulating  reactions  do  not  adequately  maintain  body  temperature,  the  blood 
temperature  may  change  and  this  stimulates  to  more  drastic  reaction  the 
thermoregulating  center.  This  is  a  region  of  the  caudal  hypothalamus  con- 
sisting of  two  portions,  one  heat-sensitive  and  the  other  cold-sensitive."*''  ^'^^ 
These  regions  evoke  many  responses  in  the  blood  vessels,  endocrines  such  as 
adrenal  medulla,  various  autonomic  effectors,  and  skeletal  muscle.  The  prin- 
cipal outflow  is  autonomic,  and  sympathectomized  animals  fail  to  show  vaso- 
motor and  pilomotor  responses  to  temperature  changes. 

The  mechanism  of  stimulation  of  thermoreceptors  and  the  nature  of  the 
afferent  discharge  from  them  are  not  known.  It  is  of  interest  that  nerve  fibers 
can  be  stimulated  by  local  temperature  change,  the  small  C  fibers  of  mammals 
being  excited  by  heating  and  large  A  fibers  by  cooling.^'^  The  cutaneous 
thermoreceptors  are  large  structures,  and  a  thermal  gradient  in  them  may 
cause  a  potential  from  one  end  of  the  receptor  to  the  other  which  is  excitant. 

Physical  Mechanisms  of  Temperature  Regulation.  The  mechanisms  of 
temperature  regulation  are  sometimes  considered  as  physical  (transfer  of  heat 
increased  or  decreased),  and  chemical  (production  of  heat  increased  or  de- 
creased). The  physical  factors  are  well  summarized  by  Dubois.^**  The 
initial  responses  to  changes  in  environmental  temperature  are  local  vaso- 
motor reactions  which  are  initiated  reflexly  from  cutaneous  thermoreceptors. 
Skin  vessels  dilate  and  blood  leaves  the  viscera  when  the  air  temperature 
is  high,  and  the  reverse  reactions  occur  in  low  air  temperatures.  Change 
in  temperature  of  one  extremity  causes  vasomotor  responses  in  the  other 
extremity;  the  ears  of  some  mammals  (rabbit,  elephant)  are  important  in 
vasomotor  cooling.  Thus  the  transfer  of  heat  to  the  body  surface  by  blood 
regulates  loss  or  retention  of  heat.  Further,  the  thermal  conductivity  of  skin 
is  increased  by  vasodilatation.  The  temperatures  inducing  dilation  and  con- 
striction vary  with  humidity,  and  an  "optimal"  temperature  exists  for  an 
animal  at  a  given  humidity.  As  water  is  lost  in  heat  the  blood  volume  may 
increase  and  water  may  move  from  the  body  tissues  out  into  the  blood,  where- 
as in  cold  the  reverse  reaction  occurs  and  tissue  cells  swell.'"  Thermal  con- 
ductance can  change  by  5  or  6  times,  and  skin  blood  flow  varies  much  more.-^- 
Loss  of  heat  by  radiation  exceeds  loss  by  vaporization  at  low  temperatures,  but 
above  about  30°  loss  by  vaporization  predominates  (Fig.  96).  Water  is  vapor- 
ized over  three  channels:  (1)  in  the  respiratory  tract,  (2)  by  the  sweat  glands, 
and  (3)  by  insensible  loss  directly  from  tissue  spaces  and  out  of  the  skin.  The 
relative  contribution  of  these  channels  varies  with  species  and  conditions  of 
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the  organism.  Under  basal  conditions  man  loses  about  20  per  cent  of  his  heat 
by  vaporization,  under  exercise  the  loss  is  75-80  per  cent.^"  Sweating  begins 
in  man  at  an  average  skin  temperature  of  34-35°  C.^^  The  loss  by  radiation 
remains  relatively  constant,  its  per  cent  contribution  to  the  total  loss  is  less  in 
exercise.  Loss  of  heat  by  radiation  and  conduction  is  prevented  by  insulation. 
Aquatic  mammals,  many  of  which  are  hairless,  have  an  insulating  layer  of 
fat.  Heat  loss  by  terrestrial  mammals— man,  dog,  and  others— in  water  is  twice 
as  great  as  it  is  in  air.^-^  In  air-dwellers  the  fur  coat  and  feather  cover  con- 
serve heat  and  can  be  erected  to  encase  an  insulating  layer  of  air.  Permanent 
bird  residents  of  cold  areas  have  a  thicker  feather  cover  in  winter  than  do 
migrants  to  warm  climates,  and  mammals  have  thinner  fur  coats  in  summer 
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Fig.  96.  Relation  of  rectal  temperatures  (2  subjects),  skin  temperature,  and  per  cent 
of  heat  loss  by  radiation,  vaporization,  and  convection  in  man,  to  environmental  (cal- 
orimeter, cal.)  temperature.   From  Hardy  and  DuBois." 

than  in  winter.  Not  only  is  the  fur  thicker,  but  it  is  better  insulation  in  arctic 
mammals  (Fig.  97).  A  guinea  pig  loses  33  per  cent  more  heat  if  it  is  shorn,^^® 
and  at  20-24°  C.  heat  loss  from  a  shaved  cat  was  16  per  cent  above  heat  pro- 
duction, indicating  that  fur-bearing  mammals  rely  on  the  fur,  in  contrast  to 
man,  who  alters  heat  conductance  of  the  skin.^^^  When  sleeping,  many  mam- 
mals coil  up,  and  birds  bury  the  head  under  a  wing  and  fluff  out  their  feathers. 
When  the  body  temperature  rises  above  the  "optimum"  at  a  given  humidity 
and  air  temperature,  heat  loss  by  vaporization  is  increased. ^^  Sweat  glands 
are  stimulated,  and  in  animals  lacking  sweat  glands  and  in  birds  panting 
appears.  Panting  begins  in  dogs  at  rectal  temperatures  a  few  tenths  of  a  degree 
above  the  basal  rectal  temperature.'^^  Breathing  and  heart  rate  are  accelerated. 
Man  in  cool  air  may  lose  by  evaporation  1  liter  of  water  per  day;  in  hard  work 
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on  the  desert  he  may  evaporate  1.5  1.  per  hour.^-^  Output  of  sweat  increases 
20  gm./hr.  for  each  1  °  F.  rise  in  air  temperature.  Man  can  withstand  very  high 
air  temperatures  if  allowed  plenty  of  water  for  perspiration.^  In  secreting 
sweat  man  loses  much  salt,  particularly  sodium  chloride,  and  in  acclimatiza- 
tion to  high  temperatures  the  chloride  concentration  in  sweat  decreases  while 
that  in  urine  increases.  In  warm  moist  air,  as  in  the  jungle,  evaporation  is 
much  less  than  in  the  desert.  A  burro  working  on  the  desert  does  not  pant 
and  it  secretes  a  sweat  which  contains  little  chloride.   A  panting  dog,  on  the 
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Fig.  97.  Maximum  insulation  of  fur  of  arctic  and  tropical  mammals  as  a  function  of 
fur  thickness.  Each  dot  represents  one  measurement.  Values  for  aquatic  animals  are 
given  in  air  (dots)  and  in  ice  water  (open  circles):  values  for  terrestrial  animals  are  given 
for  air  only.  The  insulating  value  of  medium  weight  cotton  is  given  by  the  broken  line. 
From  Scholander  (unpublished). 


other  hand,  evaporates  much  water  from  its  respiratory  tract,  and  this  may 
result  in  increased  chloride  concentration  in  the  blood  and  in  the  development 
of  some  alkalosis  due  to  the  blowing  off  of  CO^."'^  In  birds,  vaporization 
occurring  as  air  passes  through  the  air  sacs  may  have  a  cooling  effect. 

When  the  body  temperature  is  cooled  below  "optimum,"  shivering  may 
begin.  1  his  is  associated  with  or  follows  vasoconstriction  and  piloerection. 
Shivering  increases  oxygen  consumption,  hence  heat  production.  The  abilities 
to  panl  and  to  shiver  develop  in  the  young  animal  during  the  period  when 
temperature  regulation  appears."'"-  '^-    When  the  "thermostat"  becomes  set 
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too  high,  a  fever  begins  by  shivering,  piloerection,  cutaneous  vasoconstriction, 
and  absence  ot  sweating;  heat  is  retained,  and  the  body  temperature  then  rises. 
If  the  normal  body  is  cooled,  as  by  drinking  ice  water,  or  if  it  is  warmed,  the 
regulatory  mechanisms  bring  the  body  temperature  back  to  "optimum."-' 

Chemical  Mechanisms  of  Temperature  Regulation.  The  chemical  or 
metabolic  factors  in  temperature  regulation  are  important  in  two  respects: 
responses  to  temperature  change,  and  basal  metabolic  level. -^'^ 

As  air  temperature  becomes  lower  or  higher  the  metabolism  remains  con- 
stant, while  the  physical  insulating  mechanisms,  thickness  of  body  coat  and 
vasomotor  reactions,  compensate  for  changes  in  thermal  loss.  Finally  these 
mechanisms  are  insufficient,  and  at  elevated  blood  temperature  metabolic  rate 
rises  according  to  tissue  temperature,  whereas  at  depressed  blood  temperature 
the  thermoregulating  center  is  stimulated  to  activate  muscular  movement  (as 
shivering)  and  probably  secretion  of  endocrines  which  result  in  increased 
tissue  metabolism  (heat  production).  That  is,  metabohsm  of  homoiotherms  is 
minimal  in  a  range  of  thermal  neutrality  and  increases  both  above  and  below 
this  range,  whereas  in  poikilotherms  metabolism  varies  directly  with  tempera- 
ture. 

There  is  much  species  variation  in  the  metabolic  response  to  low  tempera- 
ture. In  the  English  sparrow,  for  example,  the  body  temperature  was  41.5°  C. 
for  air  temperatures  from  0  to  37°,  yet  the  heat  produced  per  gram  per  hour 
at  0°  was  double  the  amount  produced  at  37°;  above  37°  the  body  temperature 
rose  somewhat  and  heat  production  increased  more.'*'*  When  a  mammal  is 
chilled  there  is  increased  liberation  of  adrenin,  also  increased  production  of 
adrenal  cortical  hormone  and  thyroid  hormone,  hence  increased  metabolism. 
Adrenalectomized  or  thyroidectomized  rats  lose  ability  to  compensate  for. 
cold.-""  The  hypophysis  may  also  be  involved.  Thyroid  activity  is  enhanced 
at  low  temperatures.'^^  Man  in  water  at  20°  C.  produces  heat  at  3  to  6  times 
the  basal  rate,  and  by  this  means  keeps  his  rectal  temperature  from  going  below 
35°  C;  in  water  at  a  temperature  lower  than  20°  C,  heat  production  decreases 
and  the  body  temperature  drops. ^-^ 

Birds  and  mammals  of  the  arctic  have  better  insulating  ability  than  tropical 
species.  This  is  indicated  by  the  extent  of  the  temperature  range  over  which 
metabolism  is  constant,  that  is,  over  which  the  insulating  reactions  are  suffi- 
cient for  maintenance  of  body  temperature.  In  the  arctic  white  fox,  for  exam- 
ple, air  temperature  can  be  lowered  to  — 30°  C.  without  any  increase  in 
metabolism;  cold  stress,  however,  is  sufficient  to  elicit  a  rise  in  metabolism  in 
the  Alaskan  ground  squirrel  at  — 10°,  in  lemmings  at  15°,  and  in  polar  bear 
cubs  at  0°  C.  In  sloths,  night  monkeys  of  Panama,  or  jungle  rats,  metabolism 
increases  when  the  air  temperature  falls  to  about  25°  C.  (Fig.  98). ^•''^  As  the 
air  temperature  falls,  heat  production  increases  by  a  small  amount  in  well 
acclimatized  birds  and  mammals  of  the  arctic  and  by  greater  amounts  in 
tropical  species.  In  all  of  them,  however,  the  slope  of  the  curve  of  heat  pro- 
duction extrapolates  back  to  zero  at  the  normal  body  temperature  (Fig.  98). 
If  an  animal  is  unable  to  maintain  its  body  temperature  by  its  insulating  and 
metabolic  reactions,  heat  production  then  falls  off  with  chilling,  and  long 
survival  is  impossible. 

The  metabolic  response  to  stress  of  cold  can  be  altered  by  acclimatization. 
For  example,  rats  kept  for  3  months  at  0°  to  2°  maintained  a  constant  tempera- 
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ture  and  increased  their  metabolism  when  cooled  below  zero,  while  others 
kept  for  3  months  at  30  to  32°  regulated  less  well,  and  when  the  air  tempera- 
ture dropped  to  15°  the  increase  in  metabolism  was  insufficient  to  maintain 
body  temperature.**"  Despite  the  physiological  adaptation  of  individuals,  it  is 
unlikely  that  tropical  mammals  could  be  adapted  to  Hve  at  arctic  temperatures. 
The  genetic  and  physiological  limits  of  temperature  tolerance  have  not  been 
clearly  defined  in  any  species. 

A  basic  condition  for  homoiothermism  is  high  basal  metabolic  rate.  Heat 
production  can  be  measured  by  direct  calorimetry  or  may  be  calculated  from 
CO2  production  and  O2  consumption.  In  man,  with  an  R.Q.  of  0.82,  heat 
is  produced  to  the  extent  of  4.8  calories  per  liter  of  oxygen  consumed. ^^  In 
general,  at  a  given  body  temperature,  the  metabolic  rate  is  higher  for  small 
animals  of  a  kind  than  for  large  animals,  although  metabolic  rate  is  not  a 
simple  function  of  size  (see  pp.  225-228,  Ch.  8). 

A  small  poikilotherm  (e.g.,  frog  or  fish)  has  a  metabohsm  at  16°  equal  to 
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Fig.  98.  Metabolism  of  arctic  and  tropical  animals  in  resting  state  as  a  function  of  air 
temperature.  Solid  lines  represent  average  measurements,  broken  lines  are  extrapolations. 
From  Scholander  (unpublished). 

about  5  per  cent  of  the  heat  production  of  a  homoiotherm  of  similar  weight 
at  38°.  A  20  gm.  mouse  at  37°  produces  150  cal./kg.,  a  20  gm.  canary  produces 
250  cal./kg.,  and  a  20  gm.  frog  calculated  to  37°  produces  about  30  cal./kg. 
Measurements"'  of  heat  production  in  a  poikilotherm,  in  one  good  temperature 
regulator,  and  in  one  poor  regulator,  of  identical  weight  and  at  the  same  tem- 
perature (2.5  kg.  and  37°),  are  as  follows: 

Rattlesnake  19.35  cal./kg./24  hours 

W(K)dchuck  (Marmota)       72         "      " 
Rabbit  112         "      " 

There  has  been  much  discussion  as  to  whether  weight,  body  surface  area, 
total  nitrogen,  or  some  other  measure  of  size  is  the  better  correlated  with 
metabolism  (Ch.  8).  Certainly  in  homoiotherms  the  body  surface  is  important 
because  for  a  given  degree  of  insulation  the  total  heat  loss  for  a  given  amount 
of  heat  production  depends  on  the  area  over  which  a  thermal  gradient  exists. 
The  basal  metabolic  rate  is  higher  in  individual  mammals  adapted  to  a  cold 
environment  than  in  warm-adapted  individuals  (man,  rat). 
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MIGRATION  AND  HIBERNATION 

Some  birds  migrate  with  the  seasons  and  some  mammals  hibernate  in  winter. 
Migration  is  a  complex  response,  initiated  by  changes  in  energy  balance 
coordinated  with  seasonal  variations  in  air  temperature  and  photoperiod.  With 
their  high  body  temperature  and  high  metabolic  rate,  small  birds  lose  weight 
rapidly  during  a  few  hours  without  food  at  low  air  temperature.  The  length 
of  the  daylight  period  for  feeding  must  be  sufficiently  long  to  permit  the  bird 
to  accumulate  enough  reserves  to  last  overnight,  or  the  birds  are  compelled 
to  migrate.  During  the  winter,  survival  time  of  English  sparrows  without 
food  at  —14°  C.  is  19  hours;  at  +34°  C.  it  is  61  hours.'"'  During  the  warmer 
summer  months  the  resistance  of  sparrows  to  hunger  is  decreased;  at  —14"  C. 
survival  time  is  only  11  hours.  For  the  house  wren  at  —14°  C.  during  the 
summer  survival  time  is  less  than  5  hours,  and  this  is  a  migratory  species. 
Differences  between  species  in  survival  time  without  food  depends  on  the 
relative  amount  of  utilizable  fat  stored  in  the  body  and  on  the  rate  at  which 
it  must  be  metabolized  to  maintain  body  temperature.  Undoubtedly  the  factors 
that  control  migration  mav  also  establish  climatic  barriers  limiting  distribu- 
tion.»7-  101 

When  the  temperature  goes  down  slowly,  some  lower  invertebrates  encyst 
and  their  metabolism  is  reduced  essentially  to  zero;  in  some  insects  water 
content  is  reduced  as  they  are  "hardened"  at  low  temperatures;  larger  poikilo- 
therms  become  dormant,  surviving  as  long  as  their  metabolism  is  not  reduced 
below  some  critical  level.  Dehydration  is  important  in  initiating  estivation, 
particularly  in  reptiles. 

Certain  mammals  can  reduce  the  effectiveness  of  their  temperature  regu- 
lation and  enter  hibernation.  Hibernation  has  been  well  reviewed  in  the 
literature. 1^'  *''•  "•'•^'  '■"'•  ^^^  Hibernation  is  best  known  in  monotremes,  bats, 
rodents,  and  shrews.  It  is  doubtful  whether  carnivores  truly  hibernate  in  the 
sense  of  becoming  virtually  poikilothermic,  although  bears  and  skunks  sleep 
for  long  periods  in  the  winter.  Numerous  heterotherms  enter  cold  narcosis 
which  may  be  a  form  of  hibernation.  The  body  temperature  of  bats  approaches 
air  temperature  and  metabolism  is  reduced  by  about  one-half  in  their  diurnal 
sleep;  in  caves  in  the  winter  hibernating  bats  are  easily  disturbed  and  fre- 
quently active.  Sleep  can  be  induced  in  bats  at  10°  C.  and  they  can  be  kept  in 
a  state  of  cold  narcosis  in  a  refrigerator  for  weeks.  The  differences  between 
their  usual  sleep,  when  they  are  poikilothermic,  and  true  hibernation  are  not 
clear.  Tropical  bats  do  not  hibernate  but  become  increasingly  active  in  cold 
air."^'  '•'•'^  If  a  three-toed  sloth  is  placed  in  cold  air  (10°-15°  C.)  its  body  tem- 
perature falls  rapidly  to  about  20°  and  the  animal  enters  cold  narcosis;-^  this 
may  not  be  true  hibernation.  1  he  responses  of  marsupials  and  edentates  to 
cold  have  not  been  adequately  examined.  There  are  probably  several  kinds 
of  sleep,  and  several  ways  of  inducing  the  various  kinds  of  sleep. 

There  is  no  simple  cause  of  hibernation.  The  primary  stimulus  for  the 
woodchuck  is  depletion  of  food  supply.''  Food  reser\'es,  true  fat  and  brown 
fat,  j;,-e  usually  essential  and  are  used  during  hibernation.  Lack  of  food  is  also 
a  stimulus  for  estivation  by  some  desert  mammals.  The  magnesium  concentra- 
tion in  blood  serum  is  high,  for  example,  in  a  hibernating  hedgehog,  and 
injection  of  magnesium  chloride  may  induce  hibernal  sleep."'''  Blood  mag- 
nesium is  also  elevated  in  hibernating  snails." ^   In  many  mammals  low  tem- 
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perature  is  the  initiating  factor,  although  in  some  mammals  hibernation  can 
occur  without  a  change  in  temperature  and  a  hibernating  animal  can  some- 
times be  awakened  by  further  extreme  cold.  Hamsters  in  the  cold  hibernate 
in  the  presence  of  adequate  food,i^^  and  hamsters,  ground  squirrels,  and  other 
animals  occasionally  wake  for  brief  periods  to  eat  and  void.'^-^ 

The  most  striking  characteristic  of  hibernation  is  "turning  down  the  thermo- 
stat." The  rate  of  fall  of  body  temperature  may  be  very  rapid.  The  tempera- 
ture of  a  ground  squirrel  may  drop  5°  per  hour."-  The  body  temperature  of  a 
hibernating  mammal  fluctuates  very  much  and  is  usually  one  to  a  few  degrees 
above  air  temperature.  Hedgehogs  enter  hibernal  sleep  at  an  air  temperature 
of  about  W,  and  thereafter  the  body  temperature  rises  and  falls  with  the  air 
temperature.  Below  an  air  temperature  of  5.5°  the  body  temperature  some- 
times remains  at  6°  C.,^^  or  it  may  go  even  as  low  as  2°  for  a  brief  period, 
although  this  low  temperature  is  not  usually  survived.^*^  Bats  in  a  cave  at 
11.8°  averaged  11.9°  body  temperature. ^^^  Ground  squirrels  become  lethargic 
at  body  temperature  below  30°  C.  and  show  great  individual  variabihty  in 
response  to  environmental  conditions  which  influence  hibernation.^''  A  wood- 
chuck  (Marmota)  in  hibernation  has  a  rectal  temperature  several  degrees 
lower  than  its  heart  temperature. •^- 

The  rate  of  oxygen  consumption  declines  with  body  temperature.  In  the 
hamster  metabolism  in  4-5  hours  reached  a  minimum  of  3  per  cent  of  the 
non -hibernating  level.' ^^  Data  for  the  woodchuck^^  show  the  profound 
changes  during  hibernation: 

Non-hihernating  Hibernating 

Heart  rate  80/min.  4-5/min. 

Rectal  temperature  34-39°  C.  (air  10-35°)  12-13°  C.  (air  10°) 
Respiratory  rate                                          25-30/min.  0.2-1 /min. 

R.Q.  (after  24-hour  fast)  0.71  0.7 

Basal  metabolism  410  17-27 

cal./lO  w'^V24hr. 

I  leart  rate  is  slowed  and  irregular,  breathing  very  slow.  Blood  sugar  in 
hibernating  mammals  is  little  below  waking  values.'^-  A  waking  dormouse 
produces  4  cal./kg./hr.  at  29°,  and  15.5  cal./kg./hr.  at  10  to  15°  C.,-'*'  whereas 
a  hibernating  dormouse  produces  only  0.07  cal./kg./hr.  at  8.5°.  The  respira- 
tory quotient  in  hibernation  is  low,  indicating  fat  oxidation  (Ch.  8). 

Recovery  from  hibernation  may  be  initiated  by  moving  or  otherwise  stimu- 
lating the  animal,  as  well  as  by  increasing  the  external  temperature.  Body 
temperature  and  oxygen  consumption  then  increase,  the  latter  very  rapidly, 
temporarily  to  exceed  the  normal  metabolic  rate  (Fig.  99)."^  The  respiratory 
excess  may  be  correlated  with  unusual  activity  caused  by  the  "rage"  of  the 
hamster  during  the  first  hours  after  awakening  rather  than  with  any  appreci- 
able oxygen  debt  accumulated  during  the  long  hibernation.  The  temperature 
of  a  hedgehog  rose  19°  in  42  minutes  on  awaking.^'" 

I  lihernation  is  a  method  of  self-preservation  or  conservation  of  body  reserves 
when  external  conditions  of  temperature  and  food  supply  are  unfavorable. 
In  birds  and  most  mammals  the  heat-regulating  center  appears  to  lack  the 
lability  to  permit  adjustment  required  for  hibernation. 
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Fig.  99.  Average  data  of  waking  of  three  hamsters  from  hibernation  at  4-5°   C.    O 
oxygen  consumption,  (•    rectal  temperature,  •  cheek  pouch  temperature.   From  Lyman."^ 


CONCLUSIONS 

The  abundance  and  distribution  of  animals  are  influenced  by  temperature 
in  two  general  respects:  life  is  possible  only  within  certain  rather  narrow 
temperature  limits,  and  metabolic  activity  varies  greatly  according  to  tempera- 
ture. The  thermal  relations  of  animals  to  their  environment  are  closely  related 
to  their  osmotic  relations. 

The  normal  vital  temperature  range  is  based  on  the  thermal  properties  of 
water.  Natural  waters  (hot  springs  excepted),  because  of  their  high  specific 
heat  and  small  heat  conduction,  rarely  have  a  temperature  above  the  upper 
limits  for  most  aquatic  animals— 35  to  40"^  C.  At  the  cold  extreme  the  freezing 
point  of  aquatic  animals  is  similar  to  that  of  the  medium  (in  marine  animals), 
or  lower  (in  fresh-water  animals).  The  causes  of  heat  and  cold  death  are 
multiple.  Heat  death  often  occurs  at  temperatures  well  below  those  of  protein 
denaturation,  and  cold  death  need  not  involve  freezing.  Among  aquatic  poiki- 
lothermic  animals  the  vital  limits  are  lower  for  animals  acclimatized  to  a  low 
temperature  range  than  for  animals  acclimatized  to  higher  temperatures.  This 
must  mean  that  chemical  changes  occur  in  the  organic  substances  which  are 
critically  affected  by  extremes  of  temperature.  There  are  few  such  striking 
examples  of  protoplasmic  reorganization  as  in  temperature  adjustment.  The 
thermal  properties  of  water  protect  and  at  the  same  time  fix  the  temperature 
limits  of  aquatic  animals. 

The  over-all  end  of  metabolism  is  the  liberation  of  energy  which  can  be 
used  in  mechanical  or  chemical  work  or  can  be  lost  as  heat.  If  heat  production 
is  excessive,  heat  is  lost;  if  the  body  temperature  of  a  homoiotherm  falls, 
metaboHsm  increases.  Poikilotherms  have  a  low  basal  metabolic  rate  and  they 
lose  so  much  heat  by  conduction  and  convection  and  by  vaporization  that  they 


■in A  Comparative  Animal  Physiology 

are  largely  dependent  on  the  environment  for  their  temperature.  The  net 
mechanical  efficiency  of  muscle  is  about  20  per  cent,  yet  the  heat  which  is 
lost  is  not  wasted;  insofar  as  it  raises  body  temperature  it  permits  faster 
enzymatic  reactions.  The  efficiency  of  a  heterothermic  animal  is  good  in  that 
elevated  temperatures  are  present  when  needed  and  enzymes  need  not  work 
overtime  when  the  animal  is  at  rest  or  in  hibernal  sleep.  This  efficiency  is 
apparently  more  than  compensated  for  by  slowness  of  getting  started  after  a 
period  of  low  body  temperature. 

Temperature  limits  the  distribution  of  animals,  and  success  at  the  limits  of 
environmental  temperature  is  characterized  by  a  variety  of  physiological 
adaptations.  Among  poikilotherms  the  most  important  of  these  are:  selection 
of  a  favorable  temperature,  regulation  of  water  loss,  variations  in  water  dis- 
tribution, and  variety  of  metabolic  reactions,  the  extreme  being  suspension  of 
active  life  processes  at  unfavorable  temperatures.  Among  homoiotherms  there 
are  differences  in  degree  of  insulation  (vasomotor  responses  and  thickness  of 
body  coat),  and  in  the  magnitude  of  the  metabolic  response  to  changes  in 
environmental  temperature.  Elucidation  of  the  role  of  temperature  in  control 
of  the  distribution  of  animals  and  in  the  evolution  of  new  species  would  be 
promoted  by  examination  of  the  responses  to  temperature  stress  of  individuals 
of  a  species  living  at  the  limits  of  the  temperature  range,  and  ascertainment 
of  whether  any  observed  individual  differences  are  physiological  or  genetic 
adaptations. 
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Photoreception 


INTRODUCTION 


T 

I  HE  ENTIRE  GAMUT  of  behavioral  adjustments  which  an  organism  or 
I  its  component  parts  make  to  changes  in  the  external  environ- 
B  ment  is  the  direct  result  of  sense  organ  activity.  Of  the  numerous 
types  of  sense  organs  which  regulate  the  activity  of  animals  in  their  external 
environment,  those  that  are  sensitive  to  Hght,  called  photoreceptors,  serve 
in  a  capacity  which  equals,  and  perhaps  exceeds  in  importance  that  of  all 
other  sense  organs. 

The  ability  to  perceive  light  usually  resides  in  a  well  defined  structural 
entity,  called  a  photoreceptor,  although  this  is  not  necessarily  true.  Some 
echinoderms,  for  example,  possess  light  sensitivity  in  the  absence  of  any 
known  discrete  structural  photoreceptors,  as  do  many  protozoa.  Photorecep- 
tors present  a  great  diversity  of  structure.  Despite  these  morphological  differ- 
ences, there  seems  to  exist  a  functional  similarity  in  all  of  the  photoreceptors 
studied. 

PHOTORECEPTORS  AND  ORIENTATION 

Throughout  the  animal  kingdom,  as  well  as  in  the  plant  kingdom,  light 
plays  an  important  part  in  organismic  orientation.  Utilization  of  the  direct- 
ional properties  of  light  resides  in  the  morphological  and  physiological  rela- 
tions which  obtain  in  the  photoreceptor  proper  as  well  as  in  the  central  ram- 
ifications of  the  visual  pathway,  and  in  the  functional  organization  of  the 
central  nervous  system  with  respect  to  the  visual  and  effector  systems.  The 
mere  presence  of  a  photoreceptor  does  not  indicate  the  nature  of  the  orien- 
tation. 

Many  studies  have  been  performed  on  the  orientation  of  organisms  to 
light.  Much  of  this  material  is  summarized  in  the  monograph  of  Fraenkel 
and  Gunn.'*^  According  to  their  definitions,  the  word  tropism  is  restricted 
to  orientation  of  sessile  animals  or  plants,  taxis  to  directed  orientation  of  ani- 
mals which  move  in  their  environment,  and  kinesis  to  increase  in  velocity  of 
movement  on  illumination  in  those  animals  which  lack  a  directional  orienta- 
tion. 

Diffuse  Light  Sensitivity 

It  has  long  been  known  that  plants  utilize  light  not  only  for  photosyn- 
thesis but  also  for  a  type  of  orientation  called  phototropism.  Many  plants 
bend  toward  the  source  of  illumination.  This  phototropism  is  particularly 
marked  in  blue  light,  which  results  in  relatively  little  photosynthesis,  and 
is  associated  with  yellow  pigments  (carotenoids)  present  in  plants^^"  (see 
page  408.) 
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Diffuse  sensitivity  to  light  exists  in  several  phyla  of  animals.  Protozoa, 
such  as  Amoeba,  Stentor,  and  Peranema,  respond  to  changing  intensity  of 
illumination,  without  possessing  any  visible  light-sensitive  structures.  Amoeba 
proteus  responds  to  intense  illumination  of  any  part  of  its  body  by  a 
cessation  of  movement  resulting  from  gelation  in  the  illuminated  region 
(Fig.  100).  If  the  whole  body  is  illuminated,  locomotion  is  greatly  retarded 
or  stopped,  because  of  gelation  at  the  tips  of  the  pseudopods  (Fig.  100).  How- 
ever, if  illumination  is  continued,  locomotion  gradually  increases  and  be- 
comes normal  in  6  to  30  minutes,  depending  on  the  intensity.^-^  In  the 
absence  of  light-sensitive  organelles  and  in  view  of  the  periodically  fluid 
condition  of  amoeba  protoplasm,  there  is  probably  a  direct  effect  of  light 
on  sol-gel  reversibility  (Ch.  17). 

Diffuse  sensitivity  to  light  also  exists  among  the  echinoderms.  In  these 
animals  the  pigment  cells  of  the  integument  are  believed  to  be  sensitive  to 


Fig.  100.  Responses  of  Amoeba  to  localized  illumination  (rectangular  areas).  Arrows 
show  the  direction  of  protoplasmic  streaming.  Broken  lines  in  B,  C,  and  D  indicate 
position  of  animal  shortly  after  illumination.  F  shows  the  position  and  direction  of 
streaming  assumed  by  E  after  illumination,  v,  Contractile  vacuole;  n,  nucleus.    From 

Mast.^"^ 


light.  Von  UexkiilP^'^  noted  the  Hght  sensitivity  of  the  violet  spicules 
around  the  anal  orifice  of  the  sea  urchin,  Centroste-phanus  longispinus.  He 
extracted  the  purple  pigment  with  alcohol,  and  found  that  it  decomposed 
when  exposed  to  light.  The  entire  surface  of  Holothuria  is  photosensitive, 
and  two  pigments  are  present,  one  of  which  is  a  fluorescent  greenish  yel- 
iQyy  25, 2«  yfig  reaction  of  three  species  of  Holothuria  varies  with  the  amount 
of  this  pigment  present,  and  young  specimens  of  H.  captiva  which  have  little 
pigment  are  less  reactive  than  the  heavily  pigmented  adults.  Therefore,  the 
greenish  yellow  fluorescent  pigment  is  believed  to  be  either  the  photosensitive 
pigment  or  a  sensitizer. 

Jennings^^^  in  his  monograph  on  the  behavior  of  the  starfish  described 
reactions  to  light.  In  general,  if  the  direction  of  illumination  is  such  that 
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one  part  of  the  animal  is  more  intensely  illuminated  than  another,  the  ani- 
mal will  move  in  the  direction  of  the  less  intensely  illuminated  side.  Under 
uniform  but  sudden  illumination  the  animal  exhibits  an  increased  locomotor 
activity,  which  gradually  subsides.  The  brief  description  accorded  the  latter 
type  of  behavior  gives  the  impression  of  random  movement,  which  may 
perhaps  be  called  a  kinesis,  that  is,  an  increase  in  random  activity. 

Many  annelids  (e.g.,  Lumbricus^  possess  no  macroscopic  photoreceptors, 
yet  in  Lumhricus  the  entire  body  is  sensitive  to  light.  Sensitivity  is  greatest 
on  the  prostomium,  next  greatest  on  the  dorsal  region  of  the  next  few  an- 
terior segments  and  a  few  of  the  most  posterior  segments,  and  least  in  the 
middle  of  the  body.  The  regions  of  greatest  sensitivity  coincide  with  the 
highest  concentration  of  the  so-called  epithelial  "light  cells"  of  Hess,  which 
are  single  cell  photoreceptors  each  with  a  refractile  body  connected  to  neuro- 
fibrillae.  Hess^'^  found  that  the  relative  frequency  of  occurrence  of  these 
receptors  in  certain  segments  is  as  follows:  prostomium,  57;  segment  1,  26; 
segment  2,  10;  segment  3,  7;  segment  11,  1;  last  segment,  14;  penultimate, 
4;  antepenultimate,  2.  The  distribution  of  light  sensitivity  thus  parallels  the 
distribution  of  the  light-sensitive  cells.  In  some  oligochaetes  the  photore- 
ceptors are  found  directly  on  the  nerves  of  the  cerebral  ganglia.  Earth- 
worms are  positively  phototaxic  at  very  low  intensities  of  illumination  and 
negatively  phototaxic  at  higher  intensities.^'^-  ^^^  The  type  of  orientation 
which  these  worms  exhibit  most  often  is  called  klinotaxis  (see  below). 

The  molluscs  display  a  great  diversity  in  the  mechanism  of  photoreception, 
ranging  from  a  diffuse  light  sensitivity  to  a  photoreceptor  as  complex  as  the 
human  eye.  The  diffuse  sensitivity  to  light  in  the  clam,  Mya  arenaria,  is  con- 
fined to  the  siphon.  Under  constant  conditions  of  illumination,  the  siphon 
is  extended;  when  illumination  increases,  the  siphon  is  withdrawn.  The 
photoreceptors  of  the  siphon  are  similar  to  those  of  the  earthworm. ^^^* 

Localized  Sensitivity  to  Light 

Localized  photoreceptors  are  present  in  a  great  variety  of  organisms  and  ex- 
hibit a  great  diversity  of  structure.  For  the  sake  of  clarity  it  seems  pertinent 
to  classify  the  photoreceptors  on  the  basis  of  their  gross  function.  Thus,  cer- 
tain eyes  function  only  as  intensity  receptors,  while  others  function  in  form 
perception  and  pattern  vision,  the  latter  again  forming  a  large  group 
of  great  morphological  diversity. 

Morphology.  The  simplest  type  of  light-sensitive  organs  appear  among  the 
flagellate  Protozoa.  The  known  light-sensitive  structures  of  the  Protozoa  are 
stigmas  and  ocelli,  which  occur  only  in  Hagellates.  The  stigma  of  Euglena 
(Fig.  101)  is  a  mass  of  red  granules,  which  shade  the  swelling  on  the  flagel- 
lum.  The  flagellar  swelling  is  the  light-sensitive  structure,  and  in  any  photo- 
taxic organism  change  of  illumination  of  this  swelling  causes  a  change  in 
direction  of  the  beat  of  the  flagellum  until  the  organism  becomes  properly 
oriented  (Fig.  102).  In  the  Phytomonadida  the  stigma  consists  of  a  refractile 
structure  which  serves  as  a  lens  and  covers  the  opening  of  a  cup-shaped  mass 
of  pigment.  The  light-sensitive  material  is  between  the  lens  and  the 
inner  surface  of  the  cup.  The  function  of  the  pigment  is  to  make  the  or- 
ganelle a  directional  detector  useful  in  phototaxis.  The  stigmas  of  fresh-water 
Dinoflagellida  are  similar  to  those  of  Phytomonadida.  However,  those  of  cer- 
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tain  marine  dinoflagellates  are  much  larger.  In  general  appearance  they  re- 
semble the  ocelli  of  flatworms,  and  they  are  called  ocelli. 

The  ocelli  of  coelenterates  vary  considerably  in  structure,  ranging  from  a 
simple  layer  of  sensory  cells  mingled  with  pigment  cells,  as  in  Tunis,  to  cup- 
shaped  ocelli  in  Sarsia  (Jig.  103,  A)  and  Tiaropsis. 

The  ocelh  of  flatworms  are  similar  in  general  appearance  and  in  prin- 
ciple to  the  stigmas  of  the  Phytomonadida  and  Dinoflagellida.  There  is  a 
pigment  cup  and  a  sensitive  layer  within  the  cup  (Fig.  103,  B),  and  some- 
times a  lens.  However,  the  sensitive  layer  is  cellular  and  is  composed  of  pri- 
mary neurones,  the  axons  of  which  go  to  the  brain.  The  pigment  cup  may 
consist  of  a  single  cell. 

Some  annelida  (e.g..  Nereis)  have  ocelli.  Among  the  Mollusca  there  exist 
several  tvpes  of  photoreceptors  which  transcend  in  complexity  the  simple 
ocelli  heretofore  discussed.  Although  the  necessary  data  are  not  at  hand. 


Flagellum 


Eye -spot  or 
pigment  shield 


Dorsal     or 
blind  side 


Gullet 
(reservoir) 


Ventral    or 
seeing  side 


Fig.  101.  Side  view  of  Eiiglena  viridis,  showing  the  eye  spot  or  pigmented  shield 
and  the  enlargement  at  the  base  of  the  flagellum  (rec),  believed  to  be  the  photo- 
receptor.   From  Fraenkel  and  Gunn." 

it  is  quite  possible  that  the  eyes  of  Nautilus,  consisting  of  an  open  pit,  with- 
out a  lens,  the  eyes  of  Helix,  consisting  of  a  completely  enclosed  receptor 
containing  a  lens-like  material,  and  the  eyes  of  Pecten  (Fig.  103,  D),  con- 
sisting of  a  lens  and  a  double  layer  of  retinal  cells,  backed  by  a  tapetum,  are 
capable  of  pattern  vision  as  well  as  intensity  perception.  The  most  com- 
plicated type  of  molluscan  eye  is  represented  by  that  of  Sepia  (Fig.  103,  C). 
Generally  speaking,  in  structure  and  development  this  eye  is  comparable  to 
the  eyes  of  vertebrates.  There  is  a  corneal  surface  which  mav  be  covered  by 
lids;  there  are  an  iris  and  a  lens  which  separate  the  eye  into  chambers;  the 
lens  is  suspended  and  can  be  moved  by  a  ciliary  muscle;  the  retina  lines  the 
back  of  the  eye;  and  the  eyeball  is  surrounded  bv  cartilage.  During  develop- 
ment the  eye  originates  as  an  ectodermal  pit,  the  lining  of  which  forms  the 
retina.  The  lens  is  formed  in  two  parts:  the  inner  part  at  the  point  of 
closure  of  the  pit,  and  the  outer  part  from  a  circular  fold  which  forms  the 
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iris.  Secondary  and  tertiary  neurones  are  located  in  an  optic  ganglion  im- 
mediately behind  the  retina,  rather  than  on  the  front  of  the  retina,  as  in 
vertebrates.  Functionally  as  well  as  structurally,  the  eye  of  Se^pia  is  similar  to 
that  of  vertebrates,  except  that  the  retinal  elements  are  not  inverted. 

The  sixth  abdominal  ganglion  in  the  crayfish  is  photosensitive,  but  the  na- 
ture of  the  photoreceptor  cells  is  unknown. ^''^''* 
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Fig.  102.  Orientation  of  swimming  Englena  to  light.  From  1  to  2,  light  from  direction 
of  top  of  page;  2,  direction  of  light  reversed.  The  animal  swerves  to  the  dorsal  side  each 
time  the  receptor  is  shielded  from  the  light  by  the  eye  spot.    (Jennings,  1906.) 

Function  in  Orientation.  The  photoreceptor  of  Englena  and  related  forms 
is  a  directional  receptor  by  virtue  of  the  pigment  of  the  stigma.  This  orange- 
red  pigment  mass  serves  to  shade  the  swelling  of  the  base  of  the  flagellum 
when  illumination  is  on  the  "dorsal"  surface  and  does  not  do  so  when  illum- 
ination is  from  the  opposite  direction.  When  exposed  to  a  single  light  source 
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Euglena  moves  directly  toward  or  away  from  it,  depending  on  the  intensity. 
When  the  direction  of  illumination  is  changed  suddenly,  the  animal  re- 
orients, as  shown  in  Figure  102.  This  type  of  orientation  is  called  klinotaxis, 
a  directional  orientation  made  possible  by  means  of  regular  deviations  in 
movement  (pendular  or  spiral),  and  involves  comparison  of  intensities  at 
sucessive  points  in  time.  The  coelenterate  Hydra  behaves  in  this  way,  as  do 
the  post-trochophore  larva  of  Arenicola  and  the  tadpole  larva  of  the  ascidian 

Sensory  cells 


Lens 


Pigment  cells 


Accessory  cells 


Fig.  103.  Diagrammatic  representation  of  photosensitive  organs.  A,  Section  through 
the  ocellus  of  Sarsia.  B,  Transverse  section  of  the  eye  of  Planaria  mactdata.  C,  Section 
through  eye  of  Sepia.  D,  Section  through  eye  of  Pecten.  Redrawn  from  Hyman,™ 
Taliaferro'"^'  and  Borradaile  and  Potts.'"'" 

Amaroucium.  Earthworms,  under  certain  conditions,  exhibit  a  pendular 
movement  resulting  in  orientation,  as  do  the  maggot  larvae  of  several  species 
of  flies."  ^^ 

With  the  advent  of  two  or  more  receptors,  a  peripheral  mechanism  exists 
which  may  permit  direct  orientation  to  light.  In  Planaria  maculata,  which 
possesses  two  cup-eyes,  the  orientation  of  the  animal  is  in  that  direction 
which  results  in  equal  stimulation  of  both  eyes.  This  type  of  orientation  is 
called  tropotaxis,  and  involves  the  comparison  of  intensities  on  two  receptors 
simultaneously.    Planaria,  deprived  of  their  eyes  and  illuminated,  show  an 
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increased   random  activity  and  ultimately  aggregate  in  the  darkest  region 
of  their  environment. ^^^ 

A  similar  type  of  behavior  was  obtained  in  another  planarian,  Dendro- 
caelum,  by  Ullyott.^^^  Under  uniform  conditions  of  illumination  without 
directional  components  (i.e.,  from  above),  the  animal  lacks  a  directional 
response.  The  perception  of  light  merely  increases  its  random  angular  mo- 
tion, which  may  be  expressed  as  rate  of  change  of  direction.  Since  this 
rate  of  change  of  direction  increases  with  light  intensity,  it  follows  that 
these  animals  will  usually  be  found  in  the  least  intensely  illuminated 
part  of  their  environment,  simply  because  their  activity  is  lower  here 
than  elsewhere.   This  type  of  orientation  is  called  klinokinesis.'*-* 

Localized  Photoreceptors  and  Pattern  Vision 

Light-sensitive  organs  capable  of  pattern  vision  have  evolved  several  times. 
The  eyes  of  Nautilus,  Helix,  and  Pecten  may  possibly  function  in  pattern 
vision;  the  complex  eye  of  cephalopods,  illustrated  by  Sepia  (Fig.  103,  C), 
resembles  in  structural  and  functional  complexity  the  eye  of  vertebrates  and 
certainly  is  capable  of  pattern  vision  and  form  perception.  In  the  arthropods 
the  compound  eye  serves  in  pattern  vision,  and  in  the  vertebrates  a  distinctlv 
different  photoreceptor  has  evolved. 

The  Compound  Eyes  of  Arthropods.  The  eyes  of  arthropods  are  of  two 
general  types:  compound  eyes  and  ocelli.  All  compound  eyes  are  constructed 
so  that  an  image  is  formed;  some  ocelli  (e.g.,  the  lateral  ocelli  or  stemmata  of 
insect  larvae  and  pupae)  are  capable  of  forming  images,  but  others  (e.g., 
ocelli  of  adult  insects)  are  primarily  simple  organs  of  light  detection. 

The  compound  eye  is  an  effective  organ  of  vision  which  has  developed  along 
quite  different  morphological  and  optical  lines  from  the  eye  of  vertebrates. 
The  focusing  mechanism  works  on  a  different  optical  principle,  and  the  focus 
is  always  fixed.  In  many  compound  eyes  at  least,  the  light-gathering  power 
is  far  inferior  to  that  of  the  vertebrate  eye.  However;  the  compound  eve  also 
has  advantages,  especially  in  that  the  field  of  view  is  very  great  and  may 
encompass  well  over  200  degrees,  as  in  the  stalked  eyes  of  the  crayfish. 

Structure  of  the  Compound  Eye.  The  compound  eye  is  made  of  a  number 
of  transparent  facets  in  the  cuticle  of  the  head  or  eyestalk,  and  beneath  each 
facet  is  an  elongated  light-sensitive  structure,  which  is  connected  to  the  cen- 
tral nervous  system.  Each  facet,  together  with  the  underlying  sensitive  struc- 
ture, is  called  an  ommatidium,  and  the  entire  group  of  receptors  is  called  the 
retina.  The  distal  dioptric  part  of  each  ommatidium  consists  of  a  facet  of  the 
cuticle;  all  such  facets,  together,  form  the  cornea.  Beneath  each  facet  there  is 
usuallv  a  crvstalline  cone  which  serves  as  a  lens.  Below  this  is  the  retinula 
which  usually  consists  of  seven  elongated  sensory  cells,  arranged  around  a 
central  retractile  rod,  the  rhabdom.  Each  retinula  cell  is  a  primary  neurone 
and  is  continuous  with  a  post-retinal  axon.  The  rhabdom  is  the  collective 
secretion  of  the  retinula  cells,  and  its  function  is  apparently  to  conduct  light 
along  the  length  of  the  retinula  cells,  which  presumably  contain  the  photo- 
sensitive pigment. 

In  some  insects  the  rhabdom  is  optically  continuous  with  the  crystalline 
cone,  and  the  two  form  a  light-collecting  and  distributing  structure  which 
transmits  light  entering  the  facet  over  the  length  of  the  photosensitive  retin- 
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ula  cells.  In  many  nocturnal  insects  (e.g.,  Noctuid  moths),  tracheae  are 
grouped  around  the  retinula  cells  and  especially  at  the  basal  end  of  the 
rhabdom.  These  tracheae  reflect  light  distally  through  the  ommatidium  and 
serve  the  same  function  as  the  tapetum  lucidum  of  vertebrates  (page  398). 
In  higher  Crustacea  the  retinula  cells  contain  guanin  crystals  which  act  as 
reflectino  surfaces  just  as  they  do  in  the  tapetum  lucidum  of  vertebrates. 

In  inspects  the  whole  ommatidium  is  surrounded  by  a  sheath  of  pigmented 
cells  made  up  of  two  sections:  the  "primary  iris  cells"  around  the  crystalline 
cone,  and  the  "secondary  iris  cells,"  which  may  cover  both  the  primary  iris 
cells  and  the  retinula  cells.  The  proximal  ends  of  the  ommatidia  rest  on  a 
fenestrated  membrane  through  which  the  axons  and  tracheae  pass.  In  prim- 
itive Crustacea  (e.g.,  Gavimarus^,  the  retinula  cells  contain  all  of  the  iris 
pigment  and  extend  distally  to  surround  the  crystalline  cone.  In  higher 
Crustacea  (e.g.,  shrimp,  crayfish),  the  basal  iris  pigment  is  in  the  retinula 
cells,  but  the  distal  pigment  is  in  separate  cells. 

Diurnal  Movements  of  Eye  Pigments.  In  all  compound  eyes  there  is  a 
movement  of  pigment  with  light  and  dark  adaptation.^^-  The  arrange- 
ment is  often  such  that  the  eye  functions  as  an  appositional  eye"*"  when  light 
adapted  and  as  a  superpositional  eye  when  dark  adapted  (see  page  390).  In 
addition,  there  are  rhythmic  diurnal  pigment  migrations  which  are  independ- 
ent of  light  intensity;  these  persist  independendy  of  direct  changes  in  the 
environmental  illumination. 

Persistent  diurnal  rhythm  of  pigment  migration  occurs  in  the  eye  of  Palae- 
monetes,  a  shrimp.^"^  On  the  left  in  Figure  289  (Ch.  22)  is  shown  the  posi- 
tion of  the  pigment  in  animals  kept  in  constant  light,  and,  on  the  right,  that 
in  animals  kept  in  constant  darkness.  The  upper  figures  show  the  position 
of  pigment  during  the  day,  and  the  lower  ones  during  the  night.  In  animals 
kept  in  constant  darkness  the  distal  pigment  moves  outward  at  night  and 
inward  during  the  day;  the  basal  pigment  in  the  retinula  cells  moves  out- 
ward during  the  dav  and  inward,  largelv  below  the  basal  membrane,  at 
night.  Light  adaptation  brings  about  the  diff'erences  apparent  upon  compar- 
ing the  right  and  left  diagrams  in  the  figure.  In  dark-adapted  animals  it  is 
evident  that  the  type  of  image  formed  is  appositional  during  the  day  and 
superpositional  during  the  night.  In  light-adapted  animals  the  image  is  cer- 
tainly appositional  during  the  day  and  probably  also  at  night.  The  reflecting 
pigment  (R)  is  unprotected  from  light  during  the  night  but  is  covered  dur- 
ing the  dav.  This  permits  the  eye  to  glow  at  night  but  not  during  the  day. 
The  effect  is  readilv  observed  in  cravfish,  which,  if  kept  in  constant  dark- 
ness, will  exhibit  an  orange  eyeshinc  at  night  but  not  during  the  day.  This 
diurnal  rhythm  of  eyeshine  may  persist  for  months  under  conditions  of  con- 
stant darkness  and  temperature.'^- ^'^'^ 

The  persistent  diurnal  rhythm  of  pigment  migration  was  discovered  in 
the  noctuid  moth,  Phtsifl,^^^  aud  later  was  seen  in  numerous  crustaceans: 
Macrohrachium,^*'*'-  ^""^  CaviharnsJ  two  macrurans  and  tour  brachyurans,"^ 
and  Anchistioides,  Camhanis,  and  Hounnis.^*"''*  Such  a  rhythm  may  be  estab- 
lished  by  diurnal  environmental   changes.   These  changes  must   determine 

*  In  an  appositional  eye  the  retinula  cells  of  an  ommatidium  are  stimulated  only  by 
light  entering;  through  that  ommatidium,  whereas  in  a  superpositional  eye  the  retinula 
cells  are  stimulated  by  light  coming  through  neighboring  ommatidia  as  well. 
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some  sort  of  biological  timing  mechanism  which  controls  the  pigment  mi- 
gration. The  role  of  the  sinus  gland  in  controlling  pigment  migration  is  dis- 
cussed in  Chapter  22. 

Image  Fonuation.  The  crystalline  cone  is  the  principal  focusing  device  of 
the  compound  eye,  and  it  is  not  adjustable.  Each  ommatidium,  therefore, 
has  a  fixed  focus.  The  crystalline  cone  is  made  up  of  concentric  lamellae,  the 
more  central  layers  of  which  have  a  higher  refractive  index  than  the  more 
peripheral  ones.  The  cone  is  therefore  a  virtual  lens  cylinder.  Figure  104 
shows  light  passing  through  such  lenses.  If  the  length  of  the  cylinder  is 
equal  to  its  focal  length  (A)  a  beam  of  parallel  light  (rwpw)  which  enters 
perpendicular  to  one  end  of  the  cylinder  (edge  ah)  is  focused  on  the  other 
end  (edge  cd),  and  emerges  as  a  divergent  beam  (^n'p'm').  Other  beams  of 
light  Qq)  entering  at  an  angle  to  the  axis  of  the  cylinder  emerge  at  an  anole 


<^'     ^P 


Fig.  104.  Diagram  of  the  path  of  light  rays  (A)  through  a  lens  cylinder  of  a  length 
equal  to  the  focal  length;  (B)  through  a  lens  cylinder  of  a  length  equal  to  twice  the  focal 
length.  After  Exner." 

Cq')-  This  permits  image  formation,  but  since  this  image  is  limited  to  only 
seven  retinula  cells  and  is  also  subject  to  considerable  distortion  by  the  rhab- 
dom,  it  is  probably  useful  merely  as  a  spot  of  light  rather  than  as  an  image. 
If  the  lens  cylinder  is  twice  as  long  as  its  focal  length  (B)  the  beam 
emerges  as  a  parallel  beam  whose  angle  of  emergence  (y3)  is  equal  and  op- 
posite to  the  angle  of  incidence  (a).  In  arthropod  eyes  there  are  two  types 
of  image  formation,  superpositional  and  appositional,  which  correspond  to 
these  two  possible  types  of  lenses.  In  both  types  the  light  entering  a  single 
facet  is  probably  detected  as  a  single  spot  of  light. 

There  are  two  chief  types  of  ommatidia  as  shown  in  Figure  105.  In  A, 
the  iris  pigment  completely  sheathes  the  ommatidium  and  the  only  light 
which  strikes  the  rhabdom  and  retinula  cells  is  that  which  enters  almost 
parallel  to  the  axis.  In  B,  the  pigment  cells  do  not  completely  sheathe  the 
ommatidium  and,  depending  on  the  angle  of  incidence,  light  which  passes 
through  the  crystalline  cone  may  strike  neighboring  rhabdoms  as  well  as  the 
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rhabdom  of  the  crystaline  cone  through  which  the  hght  has  passed.  There 
fore,  there  are  two  possible  types  of  image  formation,  as  shown  in  Figure 
106.  In  A  is  shown  the  so-called  apposition  image,  in  which  each  rhabdom 
receives  light  which  enters  the  ommatidium  parallel  to  its  axis.  In  this  type 
the  length  of  the  crystalline  cone  may  be  equal  to  its  focal  length,  as  in 
Figure  105,  A.  In  B  is  shown  an  image  formed  by  superposition,  in  which 
light  from  a  point  (e)  may  pass  through  any  of  a  number  of  crystalline 
cones  and  be  bent  (as  in  Figure  105,  B),  so  that  it  is  focused  on  a  single 


Fig.  105.  Diagram  of  the  two  types  of  ommatidium.  A,  From  eye  forming  apposition 
image  (after  Snodgrass);  B,  From  eye  forming  superposition  image  (after  Weber),  a, 
Corneal  lens;  h,  matrix  cells  of  cornea;  c,  crystalline  cone;  d,  iris  pigment  cells;  e,  rhabdom; 
f,  retinal  cells;  g,  retinal  pigment  cells;  h,  fenestrated  basement  membrane;  i,  eccentric 
retinal  cell;  k,  translucent  filament  connecting  crystalline  cone  with  rhabdom;  I,  nerve 
fibers.  From  Wiggles  worth  ."^ 

rhabdom.  In  this  type  the  length  of  the  crystalline  cone  is  twice  the  focal 
length.  If  the  secondary  iris  pigment  should  migrate,  as  shown  in  Figure 
105,  B,  then  the  superposition  eye  may  function  as  an  apposition  eye. 

In  general,  most  diurnal  insects  have  apposition  eyes,  and  nocturnal  ones 
have  superposition  eyes.  Undoubtedly  there  are  many  intermediate  types.  In 
some  insects  the  cone  cells  are  not  refractile  and  apparently  do  not  serve  as 
lenses.  The  apposition  eye  is  adapted  to  function  at  high  light  intensity  and 
is  really  very  inefficient  as  a  light-gathering  device.  The  superposition  eye  is 
adapted  to  low  light  intensities  and  is  much  more  efficient  for  gathering  light 
than  the  apposition  eye,  but  is  still  much  less  efficient  than  most  vertebrate 
eyes. 

Because  of  the  fact  that  the  image  formed  by  the  apposition  eye  is  made  up 
only  of  spots  of  light  of  different  intensities,  each  of  which  has  entered 
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through  a  single  ommatidium,  the  image  is  often  referred  to  as  a  mosaic 
image.  In  the  superposition  eye  hght  which  is  focused  on  a  single  rhabdom 
(Fig.  106,  B)  may  enter  through  a  number  of  ommatidia,  so  that  in  this 
case  the  image  is  not  quite  so  mosaic.  However,  in  a  vertebrate  eye,  the  image 
that  is  projected  along  the  optic  nerve  consists  of  a  record  of  intensities  reg- 
istered at  individual  cones  or  at  small  groups  of  rods  and/or  cones,  and  thus 
this  image  also  may  be  considered  as  a  mosaic  of  much  finer  grain.  If  each 
retinual  cell  of  an  ommatidium  is  assumed  to  register  different  intensities 
of  light  and  therefore  to  project  a  small  portion  of  an  image,  then  the  term 
mosaic  takes  on  a  somewhat  different  meaning,  and  in  the  final  pathway  to 
the  brain  this  pattern  is  essentially  the  same  as  that  in  a  vertebrate  optic 
nerve. 

Ocelli  among  the  Arthropods.  A  simple  type  of  arthropod  eye,  found  in 
the  larvae  of  Lepidoptera,  Trichoptera,  Collembola,  and  other  insects, 
consists  of  a  structure  comparable  to  a  single  ommatidium  of  a  compound 
eye.  These  simple  eyes  are  known  as  stemmata,  or  lateral  ocelli,  and  may 
occur  singly  or  be  scattered  on  the  sides  of  the  animal  in  small  groups. 
In  the  larvae  of  Tenthredinidae  and  many  Coleoptera  there  is  only  one 
ocellus  on  each  side,  but  it  contains  many  retinulae,  each  with  several 
sense  cells  and  a  rhabdom,  perhaps  with  pigment  cells,  all  beneath  a  single 
lens.  This  more  complicated  type  of  lateral  ocellus  is  capable  of  distinguish- 
ing form  (Fig.  107)  and  perhaps  color.  In  the  larvae  of  Cicindela  there  are 
six  stemmata  on  each  side:  two  large,  two  small,  and  two  vestigial.  The  large 
ones  have  6350  visual  cells  and  are  apparently  capable  of  detecting  form 
and,  when  all  of  the  stemmata  are  functioning  together,  of  determining 
distance.'*'* 

Dorsal  ocelli  are  the  simple  eyes  of  insects  which  usually  occur  in  the 
frontal  region  of  the  head  between  the  compound  eyes.  In  general  the  struc 
ture  is  similar  to  that  of  the  complex  stemmata  described  above.  The  dorsal 
ocelli  of  agrionids  and  libellids  have  a  tapetum  and,  when  the  animal  is 
brought  from  darkness  to  bright  light,  there  is  a  rapid  movement  of  brown 
pigment  across  the  white  fundus  within  a  few  seconds.  The  ocelli  have  a 
high  light-gathering  power,  with  apertures  estimated  at  f*  1.8  for  Eristalis 
and  1.5  for  ¥orm,ica  females,  whereas  the  facets  of  appositional  compound 
eyes  have  apertures  of  f  2.5  to  4.5  and  therefore  a  much  lower  light-gather- 
ing power.  In  sphingids  and  noctuids  the  superpositional  compound  eyes 
have  a  high  light-gathering  power,  and  ocelli  are  absent.  The  ocelli  are  poorly 
adapted  for  image  formation  for  at  least  two  reasons:  the  angular  separation 
of  the  rhabdoms  is  great  (3—10  degrees),  and  the  image  is  usually  focused 
far  behind  the  retina  (e.g.,  in  Eristalis  the  retina  is  0.11  mm.  behind  the 
lens  and  the  focal  plane  is  0.29  mm.).''*' 

Most  spiders  have  eight  ocelli  distributed  over  the  dorsal  portion  of  the 
cephalothorax.  Two  of  these  are  known  as  principal  or  direct  eyes,  and  the 
others  as  lateral  or  indirect  eyes.  In  the  direct  eyes  the  sensory  portion  of 
each  sense  cell  is  in  front  of  the  cell  body,  and  in  the  indirect  ocelli  the  sen- 
sory portion  is  behind  the  cell  body.  The  direct  eyes  are  movable  by  means  of 
radially  distributed  muscles  and  permit  the  animal  to  fixate  its  p/ey  with- 
out shifting  its  body.^^ 

*   Focal  length  divided  by  the  diameter. 
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Other  arthropods  have  various  arrangements  of  ocelH.  Many  species  have 
ocelH  with  several  retinulae;  others  (myriopods)  have  groups  of  such  ocelH 
placed  contiguously  so  that  they  may  tend  to  simulate  a  compound  eye; 
Limulus  has' a  numher  of  ocelli,  each  with  a  single  retinula,  closely  spaced 
to  form  the  lateral  eyes,  which  are  somewhat  similar  in  function  to  the  true 
compound  eye;  and  Crustacea  have  true  compound  eyes  similar  to  those  of 

insects. 

The  Photic  Behavior  of  Arthropods.  The  presence  of  a  compound  eye, 
consisting  of  many  ommatidia,  supplemented  by  additional  ocelli,  provides 
an  organism  wit}  a  great  number  of  individual  photoreceptors  pointing  in 
different  directions. 


Fig.  106.  Diagram  to  show  image  formation,  by  (A)  an  apposition  eye  and  (B)  a 
superposition  eye.  a-f.  Luminous  points  with  the  rays  emitted  by  them;  P,  pigment;  Rh, 
rhabdom.   After  Kiihn,  from  Wigglesworth."^ 
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Fig.  107.  Ocellus  of  Aphrophora  spumaria  (after  Imms  and  Link).  From  Wigglesworth.^'^ 
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It  has  already  been  stated  that  jxiired  intensity  receptors  may  result  in  a 
type  of  orientation  called  tr()]X)ta.\is,  involving  simultaneous  comparison  of 
two  intensities  incident  on  different  end-organs.  Among  the  arthropods 
there  are  instances  of  a  type  of  orientation  called  telotaxis,  in  which  orienta- 
tion in  the  direction  of  one  source  of  stimulation  occurs  without  compari- 
son."*^ An  organism  exhibiting  telotaxis  orients  to  one  source  of  stimulation, 
even  though  other  sources  may  be  present.  This  implies  that,  out  of  a  variety 
of  stimuli,  one  dominates  and  controls  the  resultant  orientation. 


Fig.  108.  The  itinerary  of  an  ant  subjected  to  sunlight  from  difFerent  directions  (After 
Santschi).  The  ant  was  returning  to  its  nest  with  the  sun  on  its  left.  At  1,  2,  3,  and  4, 
the  ant  was  shaded  from  direct  sunlight  and  subjected  to  the  sun's  image  from  a  mirror. 
The  animal  preserved  its  position  relative  to  the  source  of  light.  From  Fraenke] 
and  Gunn.*' 

A  second  type  of  orientation  among  animals  possessing  compound  eyes 
is  the  light  compass  reaction.  This  reaction  is  of  considerable  importance  in 
the  "homing"  insects,  the  ants  and  the  bees,  and  forms  the  basis  of  the  dom- 
inant sensory  clue  which  guides  them  back  to  the  nest  or  hi\'e.  The  struc- 
tural basis  for  the  light  compass  reaction  is  the  compound  eve,  in  which  a 
small  source  of  light  can  stimulate  only  a  few  or,  perhaps,  only  one  ommati- 
dium  at  a  time.  Once  a  certain  angular  position  relative  to  the  sun  is  assumed, 
the  arthropod  has  merely  to  retain  the  sun's  image  in  the  same  ommatidium 
in  order  to  remain  oriented.  The  dominant  nature  of  this  orientation  is  shown 
in  Figure  108."*^ 

A  third  type  of  behavior  pattern  exhibited  bv  certain  aquatic  arthropods, 
although  not  limited  to  them,  is  the  dorsal  light  reaction.  The  orientation  of 
the  bodv  is  determined  bv  the  direction  of  illumination  and  not  bv  gravitv. 
Similar  reactions  are  exhibited  by  the  carp  louse,  Argiihis  foJiacens;  the 
brine  shrimp,  Artemia  salina,  and  the  prawn,  Processa  caniciilata.  In  other 
animals,  such  as  the  prawn,  Leander  xiphias,  and  the  fish,  Crenilahrus  ro- 
siatus,  the  dorsal  light  reaction  is  elicited  only  after  removal  of  the  stato- 
cysts  and  the  labyrinths.'^ 

The  Vertebrate  Eye:  Morphology.  The  eye  of  man  is  rather  generalized 
in  structure  and  may  be  taken  as  representative  of  the  vertebrate  group.  The 
structure  of  the  right  human  eye  is  shown  in  horizontal  section  in  Figure  109. 

The  eye  is  comparable  to  a  camera  in  many  respects.  There  is  a  photosen- 
sitive screen  (retina)  on  which  the  cornea  and  lens  form  an  inverted  image 

*Recently  Waterman  (Science  10:  252-254  (1950))  has  confirmed,  by  recording 
optic  nerve  impulses,  the  earlier  evidence  from  behavior  that  compound  eyes  of  ar- 
thropods can   distinguish   the   plane   of   polarization   of   polarized   light. 
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in  accordance  with  principles  of  geometric  optics.  The  aperture  of  the  lens 
is  varied  by  the  iris,  and  the  eyelids  are  used  as  a  lens  cover  to  exclude  light 
and  lessen  the  possibilitv  of  mechanical  injury  to  the  corneal  surface.  The 
photosensitive  screen  is  backed  by  a  layer  of  black  pigment  which  reduces 
internal  reflection  and  thereby  enhances  the  clarity  of  the  image.  Part  of 
the  focusing  mechanism  (i.e.,  the  lens),  is  also  variable  (by  contraction  of 
the  ciliary  muscle),  so  that  objects  at  very  different  distances  may  be  seen 
with  equal  sharpness  if  they  are  not  viewed  simultaneously. 
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Fig.  109.  Horizontal  section  of  the  right  human  eye,  X  4.   From  Walls.^"* 
Modified  from  Salzmann. 

Focusing  of  light  on  the  retina  is  brought  about  partly  by  the  curvature 
of  the  cornea,  which  has  a  refractive  index  (1.376)  much  higher  than  that 
of  air  (1.00)  and  partly  by  the  lens,  which  has  a  refractive  index  (1.42) 
slightly  higher  than  that  of  the  aqueous  and  vitreous  humors  (both  1.33) 
Since  the  greatest  difference  in  refractive  index,  and  also  the  greatest  curva- 
ture, is  found  at  the  air-corneal  interface,  this  is  really  the  most  important 
refracting  surface  in  the  formation  of  the  image.  The  lens  serves  in  a  capacity 
comparable  to  that  of  a  fine  adjustment  on  a  microscope,  giving  a  delicate  and 
accurate  control  over  a  short  range.     The  range  over  which  the  lens  can 
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change  the  focus  of  the  eye  is  known  as  the  accommodation  range,  or  sim- 
ply as  the  accommodation. 

The  accommodation  range  is  as  much  as  1 5  to  20  diopters*  in  young  chil- 
dren and  has  an  average  value  of  about  4  diopters  at  the  age  of  42  years. 
This  means  that  young  children  can  focus  objects  as  close  as  2  inches  from 
the  eye  as  well  as  those  at  infinity.  The  decrease  in  accommodation  permits 
adjustment  at  age  42  only  from  about  8  inches  to  infinity.  The  relaxed  nor- 
mal eye  is  focused  for  infinity,  and  accommodation  is  accomplished  by  the 
elasticity  of  the  lens  when  the  cifiary  muscles  are  contracted.  The  decrease 
in  focusing  power  with  age  is  caused  by  the  hardening  of  the  lens,  and  its 
consequent  failure  to  become  slightly  rounder  and  thicker  on  contraction  of 
the  muscle.  This  is  the  normal  condition  of  farsightedness  or  presbyopia 
(meaning  "old"  sight),  which  is  almost  an  inevitable  result  of  old  age.  It 
can  readily  be  corrected  by  means  of  spectacles,  and  when  the  power  of  ac- 
commodation is  very  low,  the  individual  often  resorts  to  the  use  of  two 
pairs  of  spectacles  or  to  bifocals,  with  one  lens  for  near  and  one  for  distant 
objects. 

The  most  common  abnormalities  of  vision  which  are  corrected  by  spec- 
tacles are:  (1)  elongated  eyeball,  resulting  in  nearsightedness,  or  myopia,  in 
which  the  image  is  focused  in  front  of  the  retina,  (2)  short  eyeball,  resulting 
in  farsightedness  or  hypermetropia,  in  which  the  image  tends  to  be  formed 
behind  the  retina,  and  (3)  non-uniform  curvature  of  the  lens  or  cornea, 
resulting  in  astigmatism,  the  occurrence  of  different  focal  points  for  beams 
of  light  in  different  planes;  e.g.,  vertical  lines  may  appear  blurred  when 
horizontal  lines  at  the  same  distance  are  not  blurred. 

Structure  of  the  Retina.  The  structure  of  the  retina  is  shown  diagrammat- 
ically  in  Figure  110.  In  this  figure  the  light  enters  at  the  bottom,  which  is 
the  front  of  the  retina,  passes  through  the  layer  of  nerve  fibers,  a  layer  of 
tertiary  or  ganglionic  neurone  cell  bodies,  a  layer  of  synapses,  a  layer  of  sec- 
ondary neurone  cell  bodies  (the  inner  nuclear  layer),  another  synaptic  layer, 
and  then  through  the  cell  bodies  (outer  nuclear  layer)  of  the  rods  and  cones, 
which  are  the  primary  neurones  or  sense  cells.  The  portion  of  the  rod  or 
cone  corresponding  to  the  dendrite  of  the  primary  neurone  contains  the 
photosensitive  material,  rhodopsin  in  the  rods  and  iodopsin  in  the  cones.  Very 
little  light  is  absorbed  by  the  neuronal  layers  of  the  retina,  except  in  the 
photosensitive  material.  The  light  which  passes  the  photosensitive  material 
is  absorbed  by  the  choroid. 

The  neuronal  connections  of  the  retina  are  complex.  They  have  been 
worked  out  in  great  detail  by  Polyak,^-^'  and  some  of  the  types  of  connec- 
tions are  shown  in  Figure  110.  Some  cones  are  connected  indirectly  to  a 
nerve  fiber  (e.g.,  the  far  left  cone  in  the  diagram),  and  this  fiber  receives 
no  impulses  from  other  rods  or  cones.  Such  a  cone  has  an  "exclusive  line"  to 
the  brain.  Other  cones  (e.g.,  the  far  right  specimen)  are  connected  to  nerve 
fibers  which  may  receive  impulses  which  originate  in  other  cones  or  in  rods. 
Certain  cones  which  are  connected  to  an  "exclusive"  fiber  (e.g.,  the  far  left 
cone)  are  also  connected  through  secondary  neurones  (inner  nuclear  layer) 
to  nerve  fibers  which  receive  impulses  from  several  or  many  rods  and  cones. 
These  connections  are  important  in  the  mechanism  of  color  vision.  The  nerve 

*  The  diopter  is  defined  as  the  reciprocal  of  the  focal  length  in  meters. 
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fibers  of  the  retina  pass  across  the  inner  surface  of  the  retina  and  enter  the 
optic  nerve.  The  region  of  exit  of  the  nerve  contains  no  rods  and  cones,  is 
thereby  insensitive  to  hght,  and  is  known  as  the  "bhnd  spot." 

In  one  region  close  to  the  optical  axis  of  the  eye  the  rods  are  fewer  in 
number  and  the  cones  are  much  more  numerous.  This  area  is  called  the  area 
centralis.  In  birds,  in  a  few  mammals,  and  in  reptiles  and  fishes  the  area 
centralis  is  thinner  than  the  surrounding  retina,  because  of  a  decreased  thick- 
ness of  the  layer  of  secondary  and  tertiary  neurones,  and  is  referred  to  as 
the  fovea  centralis.  In  the  fovea  of  certain  birds  (e.g.,  hawks,  swallows, 
terns)  these  neuronal  layers  are  not  merely  thinner,  but  their  thickness  va- 
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Fig.  1 10.  Histology  of  the  human  retina.    Left,  vertical  section  through  the  retina  in 

the  nasal  fundus;  right,  neuronal  connections  in  the  retina  as  revealed  by  silver  impreg- 
nation methods  (after  Polyak).  a,  Amacrine  cell;  h,  bipolar  cells;  c,  cones;  ch,  centrifugal 
bipolar,  believed  to  conduct  outward  through  the  retina;  dh,  diffuse  bipolar;  g,  ganglion 
cells;  h,  horizontal  cells;  m,  Miiller  fibers,  forming  limiting  membranes;  pg,  parasol  gan- 
glion cell;  r,  rods.  From  Walls.^"' 

ries  in  such  a  way  as  to  spread  the  image  over  a  larger  surface,  thereby  per- 
mitting a  higher  degree  of  visual  acuity.  This  spreading  lens  effect  is  caused 
by  the  fact  that  the  refractive  index  of  the  retinal  tissue  is  greater  than  that  of 
the  vitreous  body.  The  fovea  of  man  is  a  broad  area  with  very  little  if  any 
spreading  power. 

The  two  types  of  sense  cells,  rods  and  cones,  are  adapted  to  function  most 
effectively  over  different  intensity  ranges.  The  rods  are  much  more  sensi- 
tive to  light  than  the  cones  and  thereby  are  adapted  to  function  at  very  low 
intensities  of  light,  ranging  from  moderately  bright  moonlight  downward  to 
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the  lower  limit  of  visibility.  At  higher  light  intensities  the  photosensitive 
substance  (rhodopsin)  of  the  rods  is  almost  completclv  bleached,  and  the 
rods  are  thereby  non-functional;  in  fact  they  reach  maximal  sensitixity  only 
after  a  half  hour  or  more  in  the  dark.  The  cones  contain  a  photosensitive 
material  (iodopsin)  which  is  not  so  readily  affected  by  light,  and  therefore 
they  are  able  to  function  at  a  higher  intensity  range.  The  existence  of  these 
two  types  of  sense  cells  gives  a  combination  of  sensitivity  ranges  which  ac- 
counts for  the  extremely  efficient  functioning  of  the  human  eye  over  an  in- 
tensity range  of  at  least  eight  logarithmic  units.  Other  vertebrates  and  in- 
^'ertebrates  detect  flickering  light  over  most  of  this  range,  despite  the  lack  of 
such  dualit)  of  structure,  but  their  ability  in  terms  of  other  visual  func- 
tions is  probabh'  not  so  good. 

Apart  from  the  fact  that  the  rods  and  cones  in  duplex  retinas  function  in 
different  intensity  ranges,  they  differ  in  another  very  fundamental  manner. 
The  cones  are  of  several  types  which  are  differentially  sensitive  to  light  of 
various  wave  lengths,  and  this  differential  sensitivity  is  the  basis  for  color 
discrimination  (see  page  434).  All  of  the  rods  of  any  given  animal  seem  to 
have  the  same  spectral  sensitivity  and  probably  serve  only  to  detect  differ- 
ences in  intensity. 

Visual  Adaptations  of  Louder  Vertebrates.  The  structure  and  function  of 
the  eyes  of  vertebrates  show  an  astounding  range  of  adaptation  to  the  condi- 
tions under  which  the  animal  lives.  Consequently,  rather  closely  related 
species  which  li\'e  under  different  conditions  may  have  quite  different  vision. 
This  range  of  adaptation  has  been  described  in  considerable  detail  by 
Walls,^'''-^  and  the  outline  of  the  subject  presented  here  is  largely  adapted 
from  his  book. 

The  general  types  of  adaptations  of  the  vertebrate  eye  may  be  listed  as 
follows: 

ADAPTATIONS  TO  ACTIVITY  UNDER  CONDITIONS  OF  LOW   AND/oR   HIGH    LIGHT 

intensity:  Adaptation  to  Arrhythmic  Activity,  during  Both  Day  and  Night. 
Animals  which  are  equally  active  by  day  and  night  may  not  sleep  at  all  or 
may  merely  take  short  naps.  Such  animals  may  be  said  to  be  arrhythmic  in 
behavior  and  must  be  capable  of  good  vision  o\'er  a  great  range  of  light  in- 
tensity. Some  of  the  mechanisms  which  permit  such  vision  are:  (1)  a  con- 
siderable development  of  both  rods  and  cones;  (2)  pigment  migration  from 
the  choroid  to  the  layer  of  sense  cells  in  order  to  screen  intense  light  from 
some  of  the  rods  and  cones,  especially  the  rods  (e.g.,  Phoxinus,  a  fish);  (3) 
migration  of  rods  and  cones  into  the  pigment  layer  in  intense  light  (Aweiw- 
rus,  a  catfish);  (4)  high  mobility  of  the  pupil,  especially  in  higher  vertebrates, 
where  the  positional  changes  of  pigment  and  xisual  cells  (2  and  3  above)  are 
minimal. 

Adaptations  to  Day-Time  Activity.  Animals  which  are  diurnal,  i.e.,  active 
chiefly  by  day,  have  a  high  degree  of  visual  acuity,  brought  about  in  several 
ways:  (1)  A  larger  image,  which  may  be  obtained  by  increasing  the  size  of 
the  eye  and  the  relative  proportions  of  the  lens  and  eyeball,  especially  by 
increasing  the  lens-retinal  distance.  Man,  birds,  chameleons,  and  all  diurnal 
animals  have  a  much  greater  lens-retinal  distance  than  arrhythmic  animals 
such  as  cougars,  dogs,  or  dromedaries,  and  \cry  much  greater  lens-retinal  dis- 
tances than  nocturnal  animals  such  as  opossums,  house  mice,  lynx,  or  frogs. 
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(2)  A  marked  increase  in  the  relative  number  of  cones  and  a  decrease  in 
the  absolute  number  of  cones  which  contribute  to  any  one  tertiary  neurone, 
i.e.,  by  increasing  the  concentration  of  individual  nerve  channels  from  the 
retina  to  the  brain.  This  results  in  an  actual  increase  in  the  resolving  power 
of  the  retina.  (3)  Special  areas  with  an  especially  high  concentration  of 
cones  and  few,  if  any,  rods,  the  so-called  central  areas  or  foveas.  In  the  flat 
central  area  of  frogs  or  in  the  cup-shaped  fovea  of  man  and  in  the  acutely 
depressed  fovea  of  birds,  the  concentration  of  individually  connected  cones 
is  increased  at  the  expense  of  group-connected  rods.  This  is  merely  a  local 
extension  of  the  adaptation  mentioned  under  (2),  above.  The  structure  of 
the  fovea  is  carried  to  its  extreme  in  certain  birds,  where  the  shape  of  the 
fovea,  together  with  the  difference  in  refractive  index  of  vitreous  body  and 
retina,  spreads  the  image  over  a  larger  number  of  cones,  thereby  acting  as  a 
localized  negative  lens.  (4)  Development  of  intraocular  color  filters  which 
absorb  in  the  blue  end  of  the  spectrum  and  thereby  reduce  chromatic  aberra- 
tion at  the  retinal  surface  and  consequently  increase  acuity.  These  filters 
consist  of  (a)  red  or  yellow  oil  droplets  in  the  cones  of  turtles  and  most  liz- 
ards and  birds;  (1?)  a  yellowish  lens  in  the  lamprey,  some  lizards,  snakes,  in- 
sectivores,  in  man,  and  in  most  Sciuridae— the  lens  is  almost  orange  in 
ground  squirrels  and  prairie  dogs;  (c)  a  yellowish  cornea  in  Amia,  Esox, 
Cyprinns,  and  a  few  other  fishes;  (d)  a  yellow  fovea  in  man;  and  (e)  retinal 
capillaries  in  eels  and  most  mammals  (but  not  especially  in  diurnal  animals). 

ADAPTATION  TO  NIGHT-TIME  ACTIVITY.  The  noctumal  animals  have  a  num- 
ber of  adaptations  which  tend  to  increase  the  sensitivity  of  the  eye.  Some 
of  these  are:  (1)  Greater  sensitivity  of  the  retina  to  dim  light  by  an  increase 
in  the  number  of  rods  and  also  in  the  number  of  rods  connected  to  each  ter- 
tiary neurone,  thereby  permitting  greater  summation  of  sense-cell  activity. 
An  increase  in  sensitivity  by  this  method  produces  a  simultaneous  decrease 
in  visual  acuity.  This  fact  is  largely  responsible  for  the  visual  acuity  differ- 
ences between  diurnal  and  nocturnal  animals  shown  in  Table  63.  (2)  Pres- 
ence of  a  slit  pupil  instead  of  a  round  pupil,  as  in  diurnal  animals.  The  slit 
pupil  is  able  to  close  more  tightly  in  bright  light  and  thereby  preserve  the 
dark  adaptation  of  the  retina.  For  this  purpose  the  slit  pupil  can  be  much 
more  effective  than  the  circular  pupil  of  diurnal  animals,  and  under  condi- 
tions of  dim  illumination  it  can  be  greatly  expanded  into  a  large  circular 
opening.  This  wide  range  of  adaptability  makes  it  an  excellent  nocturnal 
adaptation  despite  the  fact  that  it  does  not  directly  aid  dim  vision.  (3)  Pres- 
ence of  a  tapetum  lucidum,  a  reflective  layer  on  the  choroid.  In  all  animals 
the  choroid  consists  of  a  highly  absorbing  layer  which  prevents  internal  re- 
flection. However,  in  many  nocturnal  animals  there  is  a  highly  reflective  ma- 
terial (crystalline  guanine)  in  either  the  choroid  or  the  retina,  which  is  ca- 
pable of  reflecting  light  after  it  has  passed  through  the  sense  cells  so  that  it 
passes  through  them  again  in  the  opposite  direction.  This  doubles  the  sens- 
itivity to  dim  light  but  also  decreases  acuity.  Some  of  the  reflected  light  pass- 
es out  through  the  pupil,  and  the  animal  is  said  to  have  "eyeshine,"  a  phe- 
nomenon commonly  noted  in  cats.  Eyeshine  occurs  in  all  classes  of  verte- 
brates and  is  a  special  adaptation  to  nocturnal  habits. 

ADAPTATIONS  TO  SPACE  AND  MOTION.  Any  objcct  in  visual  space  may  have 
a  number  of  perceptible  characteristics,  such  as  size,  shape,  pattern,  bright- 
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TABLE  63.  VISUAL  ACUITIES  FOR  PARALLEL  LINES  (From  various  sources) 


Diurnal  animals 
Human  adult 


(different  reports) 


Visual 

angle, 

minutes 


0.44 
0.48 
0.50 
0.80 
0.82 
0.83 


Child 

0.62 

Chimpanzee 

0.47 

Rhesus  monkey 

0.67 

Rhesus  monkey, 

along  visual  axis 

Rhesus  monkey, 

7°  from  visual  axis 

Cebus  monkey 

0.95 

Pigeon 

2.70 

Pigeon,  'homer' 

0.38 

Gamecock  (no  fovea) 

4.07 

Nocturnal  animals 

Cat,  along  visual  axis 

5.5 

Cat,  30°  below  axis 

Alligator 

11.0 

Opossum 

11.0 

Rat,  pigmented 

26.0 

Rat,  albino 

52.0 

Corresponding  distance  Visual  angle  corresponding 
on  retina,  to  1  mm.  distance 

micra  along  visual  cortex 


1.89 
2.06 
2.14 
3.43 
3.52 
3.56 
2.67 
1.86 
2.33 


3.31 

4.89 
.69 

9.58 


23.8 

47.7 


4' 
20' 


ness,  color,  position,  motion,  and  distance.  We  are  aware  of  these  qualities 
by  virtue  of  the  retinal  image  which  is  translated  on  the  basis  of  experience 
into  what  we  consider  to  be  the  "true"  size,  shape,  and  position  of  the  ob- 
ject. The  special  adaptations  which  permit  enhancement  of  the  perception 
of  some  of  the  abo\'e  characteristics  are  as  follows: 

Accommodation  and  Its  Substitutes.  Accommodation,  i.e.,  focusing  of  the 
image,  may  be  brought  about  in  various  ways.  In  lampreys,  teleosts,  and 
probably  holosteans,  the  active  process  of  accommodation  moves  the  lens 
backward  to  permit  focusing  on  distant  objects.  In  elasmobranchs,  amphib- 
ians, and  snakes,  the  lens  is  activelv  moved  forward  to  adjust  for  near  ob- 
jects; and  in  mammals,  birds,  and  reptiles  other  than  snakes  the  curvature  of 
the  lens  is  increased  in  order  to  focus  on  near  objects. 

Visual  Angles  and  Fields.  The  visual  angle  through  which  single  vertebrate 
eyes  can  see  is  generally  about  170  degrees,  with  a  lower  extreme  of  110  de 
grees  for  certain  air-living  animals  (owls)  and  still  less  for  deep-sea  fishes, 
and  a  maximum  of  200  degrees  or  more  for  a  cat  eve.  The  visual  angle  of  a 
human  eve  is  150  degrees. 

The  position  of  the  eyes  in  the  head  determines  the  extent  of  the  binocular 
field,  if  present.  A  few  vertebrates  (lamprevs,  hammerhead  sharks,  a  few 
large-headed  teleosts,  the  amphibian  Cryptohranchtis,  penguins  of  the  genus 
Spheniscus,  and  the  larger  whales)  have  no  binocular  field  of  vision;  i.e., 
both  eyes  can  never  focus  on  the  same  object  at  the  same  time.   In  most  fishes 
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the  binocular  field  is  20-30  degrees  horizontally  directly  ahead,  with  ex- 
tremes of  4  to  40  degrees  or  more.  Most  birds  have  binocular  fields  (Figs.  Ill, 
112),  and  these  are  known  to  vary  from  6-10  degrees  in  parrots  to  60-70  de 


Fig.    111.    Projections  of   the  four  foveas  of  a   hawk   through   an   imaginary   surface 

at    the    distance    of    momentary    accommodation    and    convergence,    forming    a    "visual 
trident"  of  high    resolving   power.     (Courtesy   of    Dr.    Gordon    L.    Walls.) 


I'M 


Fig.   112.    Freezing  posture  of  bittern,  showing  binocular  vision  beneath  head.  Walls."" 

grees  in  owls.  Some  birds  even  have  a  binocular  field  of  view  helow  the  bill, 
e.g.,  a  bittern  can  assume  a  "freezing"  posture  with  its  bill  almost  vertical  and 
still  have  a  binocular  field  \'entral  to  the  raised  head,  i.e.,  horizontally  (Fig. 
1 12).  In  simians  and  in  man  the  binocular  field  is  about  140  degrees,  i.e.,  the 
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visual  field  is  almost  entirely  binocular.  Hares  have  monocular  fields  of  190 
degrees  which  oxerlap  to  form  small  binocular  fields  both  anteriorly  and 
posteriorly. 

Eye  Movements  and  the  Fovea.  Movement  of  the  eyes  may  be  involuntary 
or  voluntary.  Involuntary  movements  are  those  which  form  automatic  reflexes 
for  the  purpose  of  maintaining  the  visual  field  constant  during  locomotion 
and  during  passive  jogglings  of  the  head  and  body.  An  excellent  example  of 
such  mo\'ement  is  that  which  we  make  when  we  look  another  person  in  the 
eye  and  shake  our  head  in  the  gesture  of  "no."  This  eye  movement  is  auto- 
matic and  almost  uncontrollable.  Moving  pictures  taken  from  a  moving,  jog- 
gling vehicle  do  not  haxe  this  automatic  adjustment,  and  the  absence  is 
both  noticeable  and  unpleasant  to  the  observer. 

During  \'oluntar\'  moxements  the  two  eves  may  mo\e  independently  with 
no  coordination  or  may  be  coordinated  to  various  degrees.  In  most  lizards 
and  in  birds  the  movement  is  independent  and  uncoordinated;  in  some  fishes 
and  in  chameleons  it  is  independent  but  coordinated  when  objects  are 
observed  in  the  binocular  field;  and  in  man  it  is  never  independent  but  is 
always  coordinated  in  such  a  manner  that  the  same  point  of  an  object  is  al- 
ways focused  simultaneously  on  the  two  foveas. 

In  birds,  moving  objects  are  usually  followed  by  movement  of  the  entire 
head,  and  fixation  ma\'  be  either  monocular  or  binocular.  Many  birds  (ac- 
cipitrines,  swallows,  etc.,  mostly  flight  feeders)  have  two  foveas  in  each  eye, 
one  of  which  is  used  monocularly  and  one  binocularly.  Since  the  eyes  are 
directed  at  an  angle  of  as  much  as  45  degrees  or  more  from  each  other,  the 
usual  central  foveas  are  useful  only  monocularly,  but  the  second  foveas  are 
placed  on  the  temporal  surfaces  of  the  retinae  so  that  they  may  be  used  si- 
multaneously in  a  binocular  manner  (Fig.  111).  This  arrangement  is  the 
so-called  "visual  trident"  by  means  of  which  a  bird  may  have  three  objects 
focused  simultaneously  on  its  four  foveas,  one  object  on  two  foveas,  and  one 
each  on  the  other  two. 

Depth  and  Solidity  Perception.  Perception  of  depth  and  distance  is  ob- 
tained either  binocularly  or  monocularly.  Most  of  the  clues  to  depth  are  em- 
ployed in  both  monocular  and  binocular  vision  and  may  be  detected  in  two- 
dimensional  photographs  or  in  good  paintings.  Perception  depends  on  the  fol- 
lowing: (1)  Retinal  image  size.  The  larger  the  image  the  closer  the  object. 
(2)  Perspective.  Horizontal  lines  tend  to  meet  at  the  horizon,  and  the  amount 
of  taper  is  an  index  of  size  and  distance.  (3)  Overlap  and  shadow.  Objects 
whose  images  or  shadows  overlap  other  objects  are  nearer  than  those  objects. 
Distances  with  few  overlaps,  as  over  water  with  no  interxening  objects, 
therefore  tend  to  be  underestimated.  (4)  Vertical  nearness  to  the  horizon. 
Our  line  of  sight  tilts  toward  the  ground  for  near  objects  but  is  raised  for  dis- 
tant objects.  (5)  Aerial  perspective.  Objects  with  dim  or  bluish  outlines  seem 
more  distant  because  long  atmospheric  pathways  make  them  appear  so.  In 
very  clear  air,  distances  tend  to  be  underestimated;  in  fog  or  mist,  overesti- 
mated. (6)  Parallax,  the  most  important  of  all  monocular  clues.  This  is  the 
change  in  the  apparent  angle,  at  the  eye,  between  near  and  far  objects,  pro- 
duced by  lateral  movement  of  the  observer's  head  or  body.  This  is  the  princi- 
pal clue  which  permits  one-eved  men  to  mo\'e  about  crowded  rooms  as  well 
as  they  do. 
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It  is  difficult  to  say  which  of  the  six  aforementioned  clues  are  used  by 
any  given  animal.  Side-to-side  movements  of  the  head  are  used  by  some 
animals  as  a  means  of  improving  parallax,  either  with  monocular  or  with 
binocular  vision.  Some  birds  may  cock  their  heads  several  times  at  a  morsel 
of  food  before  pecking  it  with  complete  assurance  of  its  position;  many  shore 
birds  use  vertical  bobbing  of  the  head  in  a  similar  manner. 

Movement  Perception.  The  perception  of  movement  and  the  factors  which 
influence  it  are  decidedly  complex.  Under  most  conditions  a  small  object 
moving  on  an  otherwise  motionless  field  can  be  detected  more  easily  than 
the  same  object  if  not  moving.  The  movement  of  an  image  on  the  retina 
causes  a  change  in  the  stimulation  pattern  which  is  more  easily  detected 
than  the  details  of  the  same  pattern  if  it  is  unchanging.  This  is  one  reason 
why  flicker  fusion  curves  offer  a  valuable  index  of  vision.  An  object  moving 
very  fast  may  be  seen  only  as  a  blur;  the  same  object  moving  very  slowly  may 
not  be  seen  at  all.  At  intermediate  speeds,  however,  the  oudine  may  be 
clearly  seen.  At  speeds  which  result  only  in  a  blur,  the  details  can  some- 
times be  seen  if  the  observer  blinks  rapidly,  e.g.,  as  when  viewing  a  rotating 
wheel  or  when  a  nearby  picket  fence  is  seen  from  a  rapidly  moving  auto- 
mobile. One  possible  explanation  of  this  fact  is  that  because  of  the  persist- 
ence of  visual  images  the  continuous  series  of  images  formed  by  the  moving 
object  overlaps  to  form  the  blur.  By  blinking  rapidly  these  may  be  cut  into 
a  discontinuous  series  of  distinct  images.  Under  certain  conditions,  nystag- 
mus, a  fluttering  movement  of  the  eveball,  may  also  seem  to  "stop"  linear  mo- 
tion and  thereby  remove  the  blur. 

One  mechanism  for  the  production  of  discontinuous  images  for  localized 
areas  of  the  retina  of  birds  is  the  pecten.  Of  the  thirty  or  more  theories  con- 
cerning the  function  of  the  pecten  it  seems  that  the  correct  one  is  that  of 
Menner,'-""  who  pointed  out  that  the  pecten  serves  as  a  grating  which  casts 
a  shadow  on  the  retina.  An  object  which  is  moving  across  the  field  of  vision 
forms  an  image  behind  the  pecten  which  is  discontinuous  for  localized  areas 
of  the  retina.  The  fusion  frequency  is  higher  for  light  of  a  given  flickering 
intensity  for  birds  with  a  pecten  than  for  animals  lacking  a  pecten,  particu- 
larly when  the  light  is  on  for  a  high  proportion  of  a  cycle. '^^ 

ADAPTATIONS  TO  MEDIA  AND  SUBSTRATE:  Aquatic  Vision.  The  focusing 
mechanism  of  fishes  is  somewhat  different  from  that  of  non-aquatic  forms  in 
that  the  cornea  has  almost  the  same  refractive  index  as  the  water  and  is  al- 
most useless  as  a  focusing  device.  Therefore  the  curvature  may  be  changed 
to  fit  into  the  streamlining  of  the  animal,  and  in  some  fishes  the  eyes  are  fur- 
ther streamlined  by  the  addition  of  an  "adipose  lid." 

One  of  the  most  striking  differences  between  aerial  and  aquatic  vision  is 
in  the  field  of  view.  This  is  shown  in  Figure  113.  Because  of  the  total  in- 
ternal reflection  of  light  which  strikes  a  water-air  interface  at  an  angle  of 
less  than  48.8  degrees  (fresh  water),  the  only  view  a  fish  has  with  an  aerial 
pathway  is  through  a  surface  "window"  which  subtends  a  97.6  degree  angle. 
The  diameter  of  the  window  varies  with  depth  of  the  fish.  Because  of  refrac- 
tion at  the  surface  of  the  water  the  field  of  view  spreads  as  it  passes  through 
the  surface,  and  distant  objects  (e.g.,  the  shore  and  tree  in  the  figure)  are 
compressed  around  its  periphery.  Objects  on  the  bottom  of  the  water  (e.g., 
the  rock)  may  appear  in  the  visual  image  close  to  objects  which  are  on  dry 
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land  and  are  seen  through  the  window.  A  variety  of  devices  in  deep-sea 
fishes  tend  to  increase  visibility  at  low  intensities.  Some  of  these  are  relatively 
larger  eyes,  relatively  larger  lenses  and  pupils,  a  greater  concentration  of  rods, 
tubular  eyes  which  sacrifice  peripheral  vision  for  a  more  effective  central 
vision,  and  various  patterns  of  bioluminescence  to  illuminate  the  objects  to 
be  seen. 

Aerial  Vision.  The  dioptric  differences  between  eyes  adapted  to  vision  in 
air  and  in  water  are  pronounced  and  are  discussed  above.  Another  group  of 
differences  include  those  pertaining  to  protection  of  the  cornea,  especially 
from  drying.  In  man  and  many  other  animals  this  is  accomplished  by  blink- 


Fig.  113.  Diagram  showing  the  upward  visual  field  of  a  fish,  a,  The  aerial  window  as 
seen  from  below;  h,  explanation  of  the  aerial  window,  assuming  calm  water.  Light  rays 
striking  the  water  surface  within  the  window  are  refracted,  while  those  striking  outside 
the  window  are  reflected.   From  Walls.^*' 


ing.  In  birds  and  many  mammals,  however,  there  is  an  additional  structure, 
the  nictitating  membrane,  which  probably  covers  the  cornea  most  of  the 
time  during  flight  and  prevents  drying  by  the  rapid  air  stream  to  which 
the  eye  is  exposed. 

Air-  and  Water-Vision.  Animals  which  live  in  both  air  and  water  must 
have  an  exceptional  range  of  accommodation  in  order  to  see  v\'ell  in  both 
media.  A  fish,  when  placed  in  air,  is  automatically  subject  to  myopia,  and 
any  air-living  vertebrate,  when  under  water,  to  hypermetropia.  Aimhleps,  the 
so-called  "four-eyed  fish,"  has  two  pupils  for  each  eye,  and  two  retinas,  one 
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for  use  in  air  and  one  for  water.  The  curvatures  of  the  respective  lens  and 
corneal  surfaces  are  such  that  proper  focusing  occurs. 

Spectacles.  Whenever  an  eye  is  free  to  rotate  under  a  fixed  transparent 
covering  through  which  the  light  passes,  the  covering  is  referred  to  as  a  spec- 
tacle or  goggle.  A  spectacle  may  be  simply  the  corneal  surface  which  does  not 
rotate  with  the  eve  (lamprey,  lungfishes,  eels,  etc.),  or  it  may  be  a  window 
in  a  movable  lower  lid  (some  turtles  and  lizards),  or  a  window  in  a  struc- 
ture formed  by  the  permanent  fusion  of  both  lids  (snakes,  certain  hsh,  and 
many  lizards)'  The  latter  type  of  spectacle  forms  a  permanent  secondary 
protective  covering  which  is  separated  from  the  cornea  by  a  liquid.  This 
type  is  one  commonly  seen  in  snakes  and  spectacled  lizards.  In  these  forms 
the  outer  surface  is  periodically  replaced  when  the  skin  is  shed. 
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Fig.  114.   The  probable  phylogenetic  tree  of  vertebrate  color  vision.    From  Walls."" 

ADAPTATIONS  TO  PHOTIC  QUALITY.  For  civilizcd  man  color  vision  is  largely  of 
aesthetic  value.  However,  in  lower  animals  it  serves  a  very  distinct  purpose, 
in  that  it  increases  the  visibility  of  objects  and  therebv  enhances  the  ability 
of  the  animal  to  obtain  food  or  to  escape  enemies.  The  probable  phylogenetic 
distribution  of  color  vision  according  to  Walls  is  shown  in  Figure  114.  This 
chart  is  based  largely  on  well  controlled  behavior  experiments  by  numerous 
authors  prior  to  1942.  Since  that  time  it  has  been  demonstrated  by  Granit'"'' 
with  electrical  methods  (e.g..  Fig.  142),  that  the  neurones  of  the  optic  nerve 
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are  so  connected  that  at  least  certain  fish,  turtles,  anurans  (frog),  and  high- 
er placentals  (cat)  ha\e  a  ph\siological  basis  for  color  \ision.  These  data 
support  the  behax'ior  evidence  for  the  occurrence  of  color  vision  in  teleosts 
and  turtles  and  extend  its  possibilty  to  frogs  and  higher  placental  mammals. 
Granit  found  that  the  optic  nerve  fibers  of  the  snake  have  only  one  type  of 
cone  sensiti\'ity  curve.  Although  the  sensitivity  cur\es  for  the  snake  are  bi- 
modal,  the  fact  that  they  are  all  the  same  precludes  the  existence  oF  a  phA-sio- 
logical  basis  for  color  \  ision.  This  is  in  agreement  w  iih  the  data  on  beha\'ior. 

PHYSIOLOGY  OF  PHOTORECEPTION 

Sensory  end-organs  which  respond  to  radiation  displa\'  great  morpholog- 
ical variation.  Despite  this  morphological  diversity  there  exists  a  common 
pattern  (Fig.  115,A)  of  a  light-focusing  de\'ice,  a  photosensitixe  membrane 
(retina),  postretinal  neurones  which  connect  the  receptor  with  the  central 
nervous  system,  and  the  visual  center  or  centers  within  the  central  nervous 
system.  In  keeping  with  this  common  structural  pattern  certain  similarities  in 
the  basic  mechanism  of  the  responsive  system  are  revealed  in  investigations 
of  the  function  of  light-sensiti\'e  end-organs,  or  photoreceptors. 
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Fig.  115.  Diagrams  illustrating  QA)  the  elements  in  a  visual  pathway,  and  (B)  the 
electrical  polarity  and  retinal  action  potentials  of  the  vertebrate  eye. 

The  physiological  problems  of  prime  interest  center  about  two  parts  of 
the  optic  pathway  (Fig.  115,  .4):  (1)  the  photosensitive  membrane  and  im- 
mediate connecting  neurones,  i.e.,  the  peripheral  structures;  and  (2)  the 
central  nerxous  system  structures  which  receix'e  and  integrate  the  activity 
originating  in  the  retina. 

The  Peripheral  Visual  Mechanism:  The  Photochemical  Nahire  of  Photo- 
reception.  Today  it  is  an  accepted  fact  that  the  initial  e\'ent  in  the  process  of 
vision  is  a  photochemical  reaction.  Surprisinglv,  this  fact  was  only  recently 
established.  It  w^as  the  evidences  presented  by  Hecht,'^^-  ''•^'  ''^-  '^''-  ''^  stemming 
from  his  ingenious  researches  on  the  marine  clam,  Mya  arenaria,  which 
firmly  established  the  photochemical  nature  of  vision  on  a  factual  basis. 
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THE  RECIPROCITY  LAW.  The  photic  rcsponsc  of  the  clam,  Mya  arenaria, 
consists  of  the  withdrawal  of  the  extended  siphon.  This  response  is  char- 
acterized by:  (1)  a  threshold— a  certain  minimum  intensity  and  duration 
of  illumination  is  necessary  to  produce  a  response;  and  (2)  a  variable  latent 
period— the  time  lapse  between  the  end  of  the  exposure  and  the  beginning 
of  the  response  varies  in  a  definite  manner  with  the  conditions  of  illumina- 
tion. The  latent  period  and  exposure  period  are  often  measured  together  and 
referred  to  as  reaction  time. 

Hecht'^^  determined  the  intensity  of  illumination  necessary  just  to  produce 
a  response  for  various  durations  of  illumination  in  a  maximally  sensitive  ani- 
mal. The  results  indicate  that  the  magnitude  of  the  product  of  intensity  and 
time  necessary  to  elicit  a  response  was  a  constant  equal  to  5.62  meter  candle 
seconds.  Expressed  in  mathematical  notations, 

Ft=It 

where  Et  is  the  photochemical  effect  for  a  threshold  response,  I  is  the  in- 
tensity in  meter  candles,  and  t  is  the  time  in  seconds.  This  is  a  form  of  a 
fundamental  principle  in  photochemistry,  the  Bunsen-Roscoe  reciprocity  law, 
which  states  that  the  photochemical  effect  is  equal  to  the  product  of  intensity 
and  time.  It  should  be  emphasized  that  the  above  application  of  the  reciproc- 
ity law  to  the  photic  response  of  Mya  is  valid  for  only  one  level  of  response, 
namely,  the  threshold  level  within  the  intensity  range  used.  The  data  do  not 
indicate  that  a  linear  relation  between  photochemical  effect  and  intensity-time 
product  exists  for  all  levels  of  stimulation. 

TEMPERATURE  COEFFICIENT  OF  PHOTOCHEMICAL  REACTIONS.  Hccht^^  de- 
termined the  radiant  energy  necessary  just  to  produce  a  response  in  a  max- 
imallv  sensitive  animal  equilibrated  to  different  environmental  temperatures. 
Over  a  temperature  range  of  15  to  25°  C,  the  energy  required  is  constant, 
and  the  temperature  coefficients,  Qio,  ranged  from  1.04  to  1.07.  Photo- 
chemical reactions  are  known  to  be  thermostable,  and  these  results  agree  with 
this  well  known  fact,  indicating  that  the  initial  and  controlling  reaction  in 
photoreception  is  a  photochemical  reaction. 

DARK  ADAPTATION  IN  THE  CLAM.  An  increase  in  sensitivity  to  light  after  a 
sojourn  in  darkness  is  common  to  all  photoreceptor  systems.  This  phenom- 
enon is  called  dark  adaptation.  Hecht^^  determined  the  course  of  dark  adap- 
tation in  the  clam,  Mya.  The  animal  was  illuminated  with  a  constant  in- 
tensity ol  light  for  a  prolonged  period.  This  illumination  was  terminated 
suddenly  and  the  animal  was  in  total  darkness.  Immediately,  the  animal 
was  stimulated  with  a  flash  of  light  and  the  reaction  time  was  obtained. 
Soon  another  flash  of  light  (of  the  same  intensity  and  duration  as  the  pre- 
vious flash)  was  admitted  and  the  reaction  time  again  was  measured.  This 
procedure  was  repeated  several  times  during  a  50  minute  period  in  the  dark. 
The  reaction  time  was  found  to  decrease  with  increasing  time  in  the  dark 
(see  Fig.  116,  lower  curve).  Hecht  argued  that  the  reaction  time  was  oc- 
cupied by  a  reaction  whose  velocity  varied  with  the  magnitude  of  the  photo- 
chemical effect;  the  greater  the  photochemical  effect,  the  faster  the  reaction 
or  the  shorter  the  reaction  time.  The  decrease  in  reaction  time  during  the 
stay  in  the  dark  implied  an  increased  photochemical  effect  elicited  by  the 
constant    intensity-constant    duration    test    flashes— which    in    turn    implied 
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that  something  which  is  sensitive  to  light  must  have  accumulated  durino  the 
stay  in  the  dark.  This  sensitivity  to  light,  argued  Hecht,  resides  in  a  substance 
which  we  shall  call  S. 

The  shape  of  the  reaction-time  curve  of  the  dark-adapting  clam  is  signific- 
ant, for  it  can  be  described  adequately  by  the  equation  for  a  biomolecular  re- 
action 

1  X 

k  =  —  X  

at  a  -  X 

where  k  is  the  velocity  constant,  t  is  the  time,  a  is  the  initial  concentration 
of  some  reactants,  and  x  is  the  concentration  of  a  reaction  product.  Hecht 
concluded  that  a  synthesis  of  photosensitive  substance,  S,  from  two  precurs- 


O 
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Fig.  116.  Curves  showing  the  recovery  of  sensitivity  (dark  adaptation)  after  exposure 
to  white  light  in  the  clam,'*  in  Litmdus,'^'''  and  in  the  frog.'^"  Ordinate  for  two  upper 
curves  is  the  logarithm  of  the  threshold  intensity;  ordinate  for  lowest  curve  is  the  reaction 
time  in  seconds;  abscissa  is  time  in  minutes. 


ors  (P  and  A)  took  place  in  the  dark-adapting  photoreceptor.  These  precurs- 
ors, he  suggested,  originated  from  the  photochemical  decomposition  of  S  dur- 
ing the  period  of  illumination  preceding  the  sojourn  in  the  dark.  This  gave 
rise  to  the  three  component  reversible  schemes  of  Hecht 


Light 
Dark 


P  + A 


where  S  is  the  photolabile  pigment,  P,  a  precursor,  and  A,  an  accessory. 

RELATION  BETWEEN  ILLUMINATING  INTENSITY  AND  PHOTOCHEMICAL  EF- 
FECT. Realizing  that  the  reaction  time  was  occupied  by  an  event  of  great  im- 
portance in  the  visual  process,  Hecht  believed  that  here  a  reaction  occurred 
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whose  velocity  varied  with  the  photochemical  effect.  A  measure  of  the  veloc- 
ity of  this  reaction  could  be  obtained  by  measuring  the  latent  period  and 
calculating  its  reciprocal.  Hecht  then  determined  the  relation  between  the 
reciprocal  of  the  latent  period,  which  he  used  as  a  measure  of  the  photo- 
chemical effect,  and  the  illuminating  intensity,  using  a  constant  exposure 
period.  The  resulting  data,  when  graphed,  were  adequately  described  by  a 
straight  line  with  a  slope  of  2.2.  Hecht  concluded  that  the  relation  could  be 

expressed  by  the  formulation 

E  =  In  I 

where  E  is  the  photochemical  effect,  and  In  I  is  the  natural  logarithm  of  the 
intensity.  This  relation  is  a  form  of  a  second  fundamental  principle  in  photo- 
chemistry expressed  in  Lambert's  and  in  Beer's  law. 

REACTIONS     FOLLOWING     THE     INITIAL   PHOTOCHEINIICAL     EVENT.     The    end" 

result  of  the  light-induced  photochemical  reaction  is  the  initiation  of  activ- 
ity in  the  fibers  of  the  optic  nerve  or,  in  the  absence  of  a  nervous  system, 
the  initiation  of  some  response.  Hecht  was  the  first  to  suggest  a  transitional 
mechanism  between  the  photochemical  event  and  the  response  of  the  organ- 
ism. This  suggestion  was  based  on  several  characteristics  of  the  latent  period 
of  the  siphon-withdrawal  response.  Hecht  observed  that  the  reciprocal  of  the 
latent  period  (a  measure  of  velocity)  is  directly  proportional  to  the  duration 
of  exposure,  on  the  basis  of  which  he  concluded  that  the  velocity  of  the  la- 
tent period  reaction  is  directly  proportional  to  the  concentration  of  photo- 
chemical decomposition  products.  To  Hecht,  this  linear  relation  suggested 
a  catalvtic  reaction,  where  the  decomposition  products  were  the  catalyzers. 
This  assumption  was  supported  by:  (1)  measurement  of  temperature  coeffic- 
ients between  2.5  and  3  and  a  /;i  value  of  19,680  (calculated  from  the  Ar- 
rhenius  equation),  which  agrees  well  with  values  for  catalytic  reactions;  (2) 
the  consideration  that  the  photochemical  decomposition  products  P  -\-  A 
are  part  of  a  reversible  system  whose  condition  of  equilibrium  must  be  sus- 
tained. This  precludes  the  participation  of  these  products  directly  in  a  second 
reaction.  On   these  evidences  and  reasons  Hecht  postulated  the  following 

scheme 

L  II  P  +  A  II  ^  T 

where  L  is  some  substrate  changed  to  an  agent  T,  the  reaction  being  cata- 
lyzed by  the  photochemical  decomposition  products  P  ~\-  A,  the  parallel 
vertical  lines  indicating  catalysis.  Hecht  suggested  that  T  is  the  agent  activat- 
ing the  nervous  elements  of  the  eye. 

Participation  of  Carotenoids  in  Vision.  Light  incident  upon  a  photore- 
ceptor must  be  absorbed  before  it  can  produce  a  physical  or  chemical  effect. 
In  a  review  of  the  researches  relating  the  role  of  carotenoids  to  visual  func- 
tion, Wald^""  advanced  the  thesis  that  photosensitive  processes  depend,  "al- 
most universally,  upon  one  distinctive  and  compact  group  of  substances,  the 
carotenoids."  Carotenoids  form  a  distinct  group  of  yellow  to  red  pigments, 
fat  soluble  and  highly  unsaturated,  which  can  be  identified  by  their  ab- 
sorption spectra.  Carotenoids,  either  alone  or  as  the  prosthetic  groups  of  con- 
jugated proteins,  function  in  absorption  of  radiant  energy. 

It  is  apparent  that  absorption  characteristics  of  the  pigment  will  be  re- 
flected in  the  response  of  the  photoreceptor  or  of  the  organism.  Thus,  if  the 
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pigment  of  a  photosensitive  system  is  highly  efficient  in  absorbing  blue  light, 
then  the  same  color  of  light  will  be  most  effective  in  producing  a  response 
in  that  system.  For  example,  the  phototropic  bending  of  the  oat  shoot, 
Avena,  is  most  effectively  stimulated  by  blue  light  of  440  fx  wave  length. 
Other  regions  of  the  visible  spectrum,  adjusted  so  that  the  intensity  is  equal 
to  that  of  the  blue  light,  are  less  effective  in  producing  bending.  If  these 
data  are  quantitated  and  plotted  as  in  Figure  117  (lower  curve),  the  result 
depicts  the  action  spectrum  of  the  phototropic  bending.  Extraction  of  the 
carotenoids  of  the  oat  coleoptile  C Avena')  yields  an  absorption  spectrum  in- 
dicated in  the  upper  part  of  Figure  117.  The  correspondence  between  the 
two  cur\  es  is  indeed  striking. 
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Fig.  117.  Upper,  the  absorption  spectra  of  the  total  extracted  carotenoids  of  the  oat 
coleoptile,  Avena,  and  of  spore-bearer  cells  of  the  mold,  Phycomyces.  Lower,  the  action 
spectra  of  phototropic  bending  in  Avena  and  spore  bearers  of  Piloholiis,  known  to  have 
carotenoid  content  similar  to  that  of  Phycomyces.    From  Wald.'"* 


Similar  corespondence  exists  in  the  spectral  sensitivity  of  the  photic  re- 
sponse of  certain  species  of  green  flagellates  and  the  absorption  spectra  of  an 
extracted  carotenoid,  which  has  been  identified  as  astaxanthin. 

For  the  remainder  of  the  invertebrates  there  is  no  conclusive  evidence  for 
the  participation  of  carotenoids  in  photoreception,  but  several  lines  of  evi- 
dence suggest  such  carotenoid  function.  The  polyps  of  certain  colonial  co- 
elenterates  bend  toward  light.  This  effect  is  sharply  maximal  in  the  blue  at 
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a  wave  length  of  474  /x,  in  a  spectrum  uncorrected  for  energy.^*'"  Hecht^^-  ^-^ 
measured  the  spectral  sensitivity  of  the  photic  response  of  the  clams  Mya 
and  Pholas  in  relation  to  broad  regions  of  the  spectrum.  He  found  a  maxi- 
mum for  Mya  at  490  /i,  and  for  Pholas  at  555  /a,  with  perhaps  another 
maximum  in  the  ultraviolet.  The  spectral  sensitivity  of  the  squid  retina  sug- 
gests that  the  photosensitive  pigment  involved  is  similar  to  the  vertebrate 
pigment,  rhodopsin. 

Bliss,^^'  ^^'  ^^  isolated  a  pigment  from  squid  retinae  which  resembles  the 
vertebrate  rhodopsin  (Fig.  118).  The  absorption  maximum  is  495  ix,  and 
its  absorption  spectrum  agrees  well  with  the  absorption  spectrum  of  visual 
purple  and  with  the  spectral  sensitivity  of  the  photoreceptor.  There  is,  how- 
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Fig.    118.    Action  spectrum  of  the  dark-adapted  human  eye   (after   Ludvigh,"")   com- 
pared with   the  spectral   absorption  curve  of  visual   purple.     From   Granit." 

ever,  one  difficulty  in  assigning  to  this  pigment  a  principal  role  in  the  visual 
process;  the  squid  pigment  is  light  stable.  Bleaching  in  the  presence  of  light 
occurs  only  when  the  extracted  pigment  is  sensitized  by  a  dilute  denaturant, 
such  as  formalin.  The  bleaching  product  is  identical  with  visual  yellow  of 
the  rhodopsin  cycle  (page  411)  and  the  carotenoid  has  been  identified  as 
retinene].  The  spectral  sensitivity  of  several  arthropod  eyes,"*"-  ^^'  ""•  '""*  de- 
termined by  electrical  (see  page  422)  and  behavior  methods,^"''  indicates  ab- 
sorption maxima  in  the  blue  portion  of  the  visible  spectrum,  and  a  second 
maximum  in  the  ultraviolet,  wave  length  385  /x,  for  Drosophila  and  the 
bee.'"'  ^'  High  concentrations  of  vitamin  A  have  been  isolated  from  the  eyes 
of  several  marine  Crustacea,  the  green  and  fiddler  crabs  and  lobster,  and 
from  the  eyes  of  the  fresh-water  crustacean,  Cauiharns  viriJis.  The  eyes  of 
the  latter  also  contain  retinenci,  in  addition  to  astaxanthin. 

In  the  vertebrate  eye  the  role  of  carotenoids  in  photoreception  has  been 
clearly  set  forth.  The  eyes  of  marine  fishes,  frogs,  turtles,  birds,  and  mammals 
contain  a  rose-colored  photolabilc  pigment  associated  with  rod  function  in 
the  duplex  retina.  This  pigment  has  in  the  past  been  called  visual  purple. 
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Wald^^*'  has  revived  the  name  rhodopsin,  which  will  be  used  because  it 
serves  to  differentiate  this  pigment  from  other  photolabile  pigments  asso- 
ciated with  rod  vision  in  fresh-water  fishes  and  tadpoles  (see  page  412). 

Rhodopsin  is  a  conjugated  protein.  It  possesses  a  characteristic  color  and 
other  properties  by  virtue  of  its  carotenoid  prosthetic  group.  Extraction  (in 
the  dark)  of  dark-adapted  retinae,  rich  in  rhodopsin,  produces  a  low  yield 
of  carotenoid.  Rhodopsin  exposed  to  light  bleaches  rapidly  and  gives  rise  to 
orange  or  yellow  photoproducts.  Extraction  of  retinae  shortly  after  subjec- 
tion to  high  illumination  yields  a  stable  yellow  carotenoid  identified  as  retin- 
enci,  having  a  characteristic  absorption  spectrum.  Extraction  of  retinae  a 
long  time  after  onset  of  illumination  results  in  a  high  yield  of  a  carotenoid, 
identified  as  vitamin  Aj,  which  also  has  a  characteristic  absorption  spectrum. 
These  results  indicate  that  retinenei  and  vitamin  Ai  enter  into  the  photo- 
reception  process.  Broda  and  Goodeve^**  demonstrated  that  light  incident  on 
a  solution  of  rhodopsin  in  75  per  cent  glycerin  and  at  — 73°  C.  results  in  the 
appearance  of  an  orange  decomposition  product.  At  higher  temperatures  this 
orange  product  changes  rapidly  into  the  familiar  visual  yellow. ^^'  ^*  This 
material  has  been  called  transient  orange  and  is  believed  to  be  the  immediate 
result  of  the  bleaching  of  rhodopsin.  At  normal  temperatures  this  orange 
product  has  only  a  fleeting  existence,  which  accounts  for  the  infrequency 
of  its  discovery.  The  incorporation  of  transient  orange  into  the  photochemical 
cycle  gives  the  scheme  of  Figure  119. 

Rhodopsin,  extracted  in  aqueous  solution,  has  an  absorption  spectrum  with 
a   maximum   of    500   ^.    This   absorption   spectrum   agrees   well    with    the 
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Fig.  119.  The  photochemical  cycle  including  transient  orange  and  illustrating  the 
relationships  of  the  various  reactions.   From  Jahn."* 

spectral  sensitivity  curve  of  human  rod  vision  (Fig.  118)  and  with  the 
spectral  sensitivity  curves  of  other  animals. 

A  photosensitive  pigment  associated  with  cone  vision  has  been  success- 
fully extracted  from  chicken  retinae  by  Wald.'^'-*-  ^^-  This  pigment  is  sensi- 
tive to  deep  red  light,  and  its  absorption  characteristics  are  similar  to  the  spec- 
tral sensitivity  of  cone  vision  in  chickens.^^"  Since  this  pigment  is  violet  in 
color,  Wald  suggested  the  name  iodopsin.  Although  the  chemical  nature  of 
iodopsin  is  yet  unknown,  the  similar  spectral  properties  of  rhodopsin  and 
of  iodopsin  imply  a  chemical  similarity. 

Despite  incompleteness  of  the  data,  the  indications  are  that  carotenoids 
are  perhaps  universally  distributed  among  light-sensitive  organisms,  and 
that  they  are  exclusively  found  in  the  photoreceptor  or  photosensitive  areas 
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or  are  found  there  in  greater  concentration  than  elsewhere.  In  those  cases  in 
which  the  action  spectrum  of  a  photoreceptive  process  and  the  spectral  ab- 
sorption data  of  carotenoid  or  conjugated  protein  pigments  are  available,  the 
precise  correlation  between  them  predicates  the  conclusion  that  these  pig- 
ments are  active  in  absorbing  the  radiant  energy  which  subsequently  init- 
iates other  events  in  the  optic  pathway. 

The  Chemical  Evolution  of  Photosensitive  Pigments.  One  of  the  most 
interesting  stories  to  emerge  from  the  realm  of  retinal  physiology  is  that  of 
the  phylogenetic  origin  of  two  photosensitive  pigments,  rhodopsin  and  por- 
phyropsin.  The  following  discussion  is  adapted  largely  from  Wald,^*'*'  and 
earlier  publications. 

In  the  years  1879-1880  Kiihne,^^^  one  of  the  classic  investigators  of  photo- 
chemical systems,  observed  that  the  retinae  of  frogs  and  higher  vertebrates 
were  rose-colored,  whereas  those  of  fresh-water  fishes  were  distinctly  purple 
in  color.  Subsequently,  Kottgen  and  Abelsdorff^^^  demonstrated  that  solu- 
tions of  photopigments  from  eight  species  of  fresh-water  fish  possessed  spect- 
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Fig.  120.  Absorption  spectra  of  the  rhodopsin  and  porphyropsin  systems  obtained  from 
crude  extracts  of  retinae  of  the  marine  scup  (broken  lines),  and  the  fresh-water  calico 
bass  (solid  lines).  All  maxima  have  been  brought  to  the  same  height  to  facilitate  compari- 
son. FromWald.'~ 


ral  absorption  properties  different  from  the  spectral  properties  of  other  verte- 
brate pigments.  Many  vears  later  Wald^*'*'  found  that  the  spectral  properties 
of  photopigments  extracted  from  retinae  of  marine  fishes  resembled  those  of 
rhodopsin.  The  spectral  properties  of  pigments  from  the  eyes  of  fresh-water 
and  marine  fishes  were  dissimilar.  Those  of  the  latter  were  identical  with 
the  spectral  properties  of  rhodopsin;  those  of  the  former  were  not.  The  pig- 
ment from  the  eyes  of  fresh-water  fishes  was  called  porphyropsin.  Figure  120 
indicates  that  the  rhodopsin  and  porphyropsin  systems  are  parallel  systems: 
rhodopsin  decomposes  into  two  carotenoids,  retinenci,  vitamin  Ai,  and  a 
protein;  porphyropsin  decomposes  into  retinene^.,  vitamin  A2,  and  a  protein. 
This  clear-cut  distinction  between  photopigments  of  fresh-water  and  ma- 
rine fishes  (stenohaline)  naturally  led  to  the  investigation  of  photopigments 
in  fishes  that  are  transitional  between  fresh-water  and  marine  environments, 
or  euryhaline  fishes.    Examination  of  the  salmonids,  which  spawn  in  fresh 
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water  but  spend  the  greatest  part  of  their  adult  Hfe  in  the  ocean  (i.e.,  anad- 
romous  fishes),  revealed  that  thev  possess  both  rhodopsin  and  porphvropsin, 
the  latter  predominating.  This  predominance  of  porphvropsin  is  further 
exemplified  by  the  brook  trout,  which  can  enter  the  ocean  but  rarely  does 
so,  and  the  anadromous  white  perch,  which  has  only  the  porphvropsin  system 
(Figure  121).  Examination  of  the  fresh-water  eel,  which  spawns  in  the 
ocean  but  spends  the  greatest  part  of  its  adult  life  in  fresh  water  (i.e.,  a  ca- 
tadromous  fish),  revealed  that,  although  it  possesses  both  pigments,  rhodop- 
sin dominates  (Fig.  121).  The  killifish,  which  spends  its  entire  life  in 
brackish  water,  is  intermediate  between  the  eel  and  the  brook  trout.  The 
alewife,  an  anadromous  fish,  spends  almost  all  of  its  life  in  the  sea  and  vet 
has  only  porphyropsin  in  its  retina.  In  general,  it  may  be  said  that  eury- 
haline  fishes  possess  predominately  or  exclusively  that  photosensitive  pigment 
associated  with  their  spawning  environment,  i.e.,  rhodopsin  for  marine  and 
porphyropsin  for  fresh-water  environment. 

Since  the  fresh-water  fishes  are  believed  to  have  a  major  place  in  verte- 
brate evolution,  it  was  of  interest  to  examine  the  photopigments  of  other  ver- 
tebrates in  the  evolutionary  line.   The  cyclostomes  are  the  only  living  primi- 
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Fig.  121.  Absorption  spectra  of  retinal  extracts  from  various  fishes,  showing  the  tran- 
sition from  the  rhodopsin  to  the  porphyropsin  system.  The  dogfish  possesses  rhodopsin 
alone;  the  anadromous  white  perch  possesses  porphyropsin  alone,  and  the  other  species 
are  intermediate.    From  Wald.^*" 

tive  vertebrates  which  have  eyes  sufficiently  well  developed  to  permit  analysis 
of  photopigments.  The  sea  lamprey,  Petromyzon  niarinus,  an  anadromous 
lamprey,  possesses  a  great  preponderance  of  porphyropsin.  Retinas  of  the 
lungfish,  Protoptenis,  have  been  found  to  contain  vitamin  Ao,  indicating  a 
porphyropsin  system.  Examination  of  the  amphibia  led  to  an  interesting 
discovery.  The  urodele  amphibian,  Triturus  viridescens,  utilizes  porphyrop- 
sin as  its  visual  pigment,  which  is  in  accord  with  its  fresh-water  spawning 
habits  and  its  probable  ancestry.  However,  the  anuran  amphibian,  the  com- 
mon frog,  uses  rhodopsin  exclusively  as  its  rod  pigment.    Yet  the  frog  also 
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spawns  in  fresh  water.  This  dilemma  was  solved  upon  examination  of  tad- 
poles, just  entering  metamorphosis  (small  hind  legs).  These  tadpoles  ex- 
hibited two  pigments,  with  porphyropsin  predominating.  Tadpoles  further 
along  in  metamorphosis  (well  developed  front  and  hind  legs  and  mouth  for- 
mation beginning)  exhibited  equal  amounts  of  vitamins  Ai  and  Ao,  and 
presumably  equal  concentrations  of  rhodopsin  and  porphyropsin.  Newly 
emerged  frogs  exhibited  a  preponderance  of  rhodopsin.  Migration  from  fresh 
water  to  land  has  had  the  same  effect  on  the  photosensitive  pigment  as  mi- 
gration from  fresh  water  to  sea  water. 

Although  the  data  bearing  on  the  evolution  of  these  photopigments  are 
vet  incomplete,  the  information  at  hand  indicates  that  the  utilization  of 
vitamin  A;,  in  a  conjugated  photosensitive  pigment  began  early  in  the  ver- 
tebrate line.  Migration  from  the  fresh-water  environment  into  sea  water  and 
onto  land  has  promoted  the  utilization  of  vitamin  Ai. 
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Fig.  122.  Diagram  showing  rod  and  cone  curves  for  flicker  fusion  frequency  plotted 
against  log  intensity,  and  the  changes  produced  in  the  cone  curve  by  changes  in  tem- 
perature (T2  is  higher  than  Ti),  and'by  changes  in  the  ratio  of  the  light  to  dark  (L/D) 
periods,  during  a  flicker  cycle.  The  inserts  indicate  the  type  of  field  (left)  and  apparatus 
(right)  used  in  obtaining  flicker  fusion  data.   From  Jahn.^°° 

Measurement  of  Visual  Functions  and  Their  Photochemical  Bases.  It  is 
possible  to  design  many  types  of  experiments  which  test  the  functioning  of 
the  visual  system  of  an  animal.  Such  experiments  may  test  numerous  items, 
among  which  are:  (1)  the  ability  of  an  animal  to  determine  whether  or  not 
a  light  is  flickering;  (2)  the  ability  of  an  animal  to  distinguish  varying  de 
grees  of  brightness;  (3)  the  increase  in  the  ability  to  detect  light  (i.e.,  sen- 
sitivity of  the  eye)  during  a  prolonged  period  of  darkness;  (4)  the  ability  of 
an  animal  to  detect  small  objects;  (5)  the  decrease  of  sensitivity  during 
either  brief  or  prolonged  illumination. 

The  general  types  of  experiment  which  are  used  to  measure  these  abili- 
ties are  described  below. 
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FLICKER  FUSION  FREQUENCY.  The  flicker  fusion  frequency  is  the  frequency 
at  which  a  flickering  Hght  appears  to  be  continuous.  This  frequency  varies 
with  the  intensity  of  the  hght,  as  shown  in  the  curves  of  Figure  122.  In  ex- 
periments on  man,  the  subject  is  usually  confronted  with  a  uniformly  and 
continuously  illuminated  field,  and  in  the  center  of  this  field  is  an  area  which 
flickers  (as  shown  in  the  upper  left  insert  of  Fig.  122)  with  the  same  aver- 
age intensity  as  the  surrounding  field.  The  lower  right  insert  shows  the  ar- 
rangement used  for  animals.  The  animal  is  placed  at  E,  C  is  a  rotating  glass 
cylinder  with  longitudinal  opaque  black  stripes,  and  S  is  a  circular  source  of 
light.  The  animal  is  free  to  look  along  any  radius,  and  as  the  cvlinder  ro- 
tates the  black  stripes  give  the  appearance  of  flicker.  Many  animals  (turtles, 
frogs,  fish,  isopods,  insects)  react  to  the  light  as  long  as  it  appears  to  flicker 
and  cease  to  react  as  soon  as  it  appears  to  be  continuous.  If  the  light  to  dark 
ratio  of  the  flicker  cycle  is  altered  the  curve  is  shifted  as  shown  (Fig.  122). 
If  the  temperature  of  a  cold-blooded  animal  is  raised  (e.g.,  from  T]  to  T2), 
the  curve  is  shifted  to  the  left  (Fig.  122). 

BRIGHTNESS  DISCRIMINATION.  By  brightness  discrimination  we  mean  the 
ability  to  detect  a  change  in  brightness.  The  observer  is  confronted  with  a 
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Fig.  123.  Diagram  showing  the  rod  and  cone  curves  for  brightness  discrimination 
plotted  against  log  intensity.  The  insert  (upper  left)  indicates  the  type  of  visual  field 
used  in  these  experiments.   From  Jahn.^'" 

uniformlv  illuminated  field  of  intensity  Z.  Then  an  additional  intensity 
(Al)  is  briefly  superimposed  on  part  of  this  field,  and  the  observer  deter- 
mines the  value  of  Al  which  can  just  barely  be  detected.  A  plot  of  7/AZ 
against  log  I  is  shown  in  the  curve  of  Figure  123,  and  one  form  of  the  ex- 
perimental field  of  view  is  shown  in  the  insert. 

THE  KINETICS  OF  DARK  ADAPTATION.  Since  Hccht  measured  the  time  course 
of  the  dark  reaction  in  the  clam,  he  and  his  students  and  numerous  others 
have  determined  the  time  course  of  the  dark  reaction  of  photoreceptors  in 
great  numbers  of  organisms  (see  page  406,  also  Jahn"*).  These  studies  have 
been  confirmed  by  determination  of  the  time  course  of  the  resynthesis  of 
bleached  rhodopsin  in  vitror^ 
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The  several  products  resulting  from  the  bleaching  of  rhodopsin,  i.e.,  vis- 
ual yellow  and  visual  white,  indicate  that  the  kinetics  of  the  production  of 
rhodopsin  is  not  as  simple  as  was  originally  formulated  by  Hecht  (page  408). 

Instead  of  a  single  reaction,  there  are  now  known  to  be  three  reactions 
involved  in  the  synthesis  (Fig.  119).  This  complexity  of  the  reaction  is  in 
evidence  if  a  series  of  dark-adaptation  curves  obtained  from  one  photore- 
ceptor, as  in  Figure  124,  are  compared.  The  curve  of  recovery  after  adapta- 
tion to  a  low  intensity  of  illumination,  e.g.,  4  millilamberts,  is  quite  different 
from  that  of  recovery  after  adaptation  to  high  intensity  of  illumination,  e.g., 
4700  millilamberts.  Recovery  curves  obtained  after  intermediate  intensities 
of  illumination  form  a  graded  series  between  the  two  extremes.  Jahn^'^  dem- 
onstrated these  differences  by  plotting  the  data  as  shown  in  Figure  124, 
rather  than  in  the  conventional  log  of  threshold  intensity-time  plot  used  by 
most  workers. 
1 


Fig.  124.  Curves  showing  the  progress  and  extent  of  dark  adaptation  after  exposure 
to  Hghts  of  different  intensity.  Data  from  a  normal  human  subject.  The  ordinate  repre- 
sents the  reciprocal  of  threshold  intensity,  the  abscissa  represents  time  (minutes)  in  the 
dark.  The  numbers  on  the  curves  indicate  the  intensity  (millilamberts)  of  the  adapting 
light.   From  Jahn.*° 

Inspection  of  this  series  of  curves  (Fig.  124)  revealed  that  the  data  for 
the  lowest  adapting  intensity  could  be  fitted  best  by  the  equation  for  a  mono- 
molecular  reaction  (p.  407),  whereas  the  curve  for  the  highest  adapting 
intensity  could  be  fitted  with  the  equation  for  a  monomolecular  auto- 
catalytic  equation.  The  intermediate  curves  could  not  be  fitted  by  either 
of  these  two  equations.  Jahn^"  proposed  an  equation  relating  the 
increase  of  rhodopsin  (Z)  with  respect  to  time  in  the  dark  (t), 

1              t  +  a 
Z=  1 

t  +  a       t  +  a  +  1  +  Ket 

where  a  denotes  the  reciprocal  of  the  initial  concentration  of  visual  yellow 
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(retinenci  and  protein)  at  the  beginning  of  dark  adaptation.  This  equation 
describes  quite  well  all  of  the  recovery  curves  of  the  family  obtained  after 
different  amounts  of  light  adaptation.  Data^-  obtained  from  the  photore- 
ceptor of  Linmlm  (p.  426)  indicates  a  family  of  recovery  curves  after  dif- 
ferent degrees  of  light  adaptation  rather  than  the  single  curve  obtained  earlier 
and  described  (p.  407). 
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Fig.  125.  Diagram  showing  the  rod  and  cone  curves  for  visual  acuity  plotted  against 
log  intensitv-.  The  insert  (upper  left)  indicates  the  type  of  visual  field  used  in  these 
experiments.    From  Jahn.^°" 

Visual  acuity.  By  visual  acuity  we  mean  the  abilitv  to  see  small  ob- 
jects. One  simple  form  of  experiment  is  shown  in  the  insert  of  Figure  125. 
The  observer  is  confronted  with  a  field  of  intensity  7  and  a  black  line  of 
variable  width,  and  he  is  allowed  to  determine  the  width  of  the  line  which 
can  just  barely  be  seen  at  various  intensities.  Results  of  a  typical  experiment 
are  shown  in  the  curve  of  Figure  125,  where  the  reciprocal  of  the  width  is 
plotted  against  intensity.  Because  of  diffraction  the  image  on  the  retina  for 
the  narrowest  line  that  can  be  seen  is  not  in  black  and  white,  but  in  gray 
and  white.  Therefore,  this  experiment  is  reallv  one  in  brightness  discrimina- 
tion, and  anv  explanation  for  brightness  discrimination  should  also  explain 
visual  acuity. 

Photochemical  Explanation.  The  data  for  the  above  tvpes  of  experiments 
can  be  predicted  from  a  knowledge  of  the  photochemical  cycle.  The  theory 
and  equations  for  that  purpose  outlined  below  are  those  of  Jahn  "^•'^''' '^^ 
These  differ  somewhat  from  the  earlier  formulations  of  Hecht"^'  "•'^'  '^^-  '^^-  "^^ 
and  from  those  of  other  investigators.^^-  ^^-  ^^*' 

The  fundamental  assumption  is  that  the  threshold  (or  any  other  given 
level)  of  sensitivity  is  equivalent  to  some  fixed  value  for  the  rate  of  the 
LT  reaction,  i.e.,  for  dT/dt.  The  factors  which  affect  this  rate  are  the  con- 
centration of  the  substrate  L,  the  concentration  of  the  enzvme  E,  and  a 
velocity  constant  which  varies  with  temperature.  In  the  case  of  flicker  it  is 
assumed  that  the  value  of  the  maximal  critical  frequency  is  determined  not 


418  Comparative  Animal  Physiology 

by  the  photochemical  cycle  but  by  some  other  process  which  is  unaffected  by 
temperature.  On  this  basis  the  phenomena  of  flicker  fusion,  brightness  dis- 
crimination, and  visual  acuity  may  be  described  as  functions  of  intensit)r. 
The  same  assumptions  have  also  been  applied  to  dark  adaptation  and,  when 
combined  with  equations  for  the  kinetics  of  regeneration  of  visual  purple, 
offer  a  satisfactory  explanation  of  the  existing  data  on  dark  adaptation.  The 
statement  is  not  meant  to  imply  that  factors  other  than  the  chemical  cycle  are 
not  involved  or  are  not  important. 

The  equation  for  flicker  fusion  frequency  is 

F  = [ki  I  (a  -  x)]'^  (Fma.v  -  F)^ 

where  F  is  the  flicker  fusion  frequency,  x  the  amount  of  P  or  A,  (a— x)  the 
amount  of  S,  1  intensity,  P  the  fraction  of  the  flicker  cycle  during  which 
the  light  is  on,  k4  is  the  velocity  constant  of  the  LT  reaction,  q  pertains  to 
the  mechanism  whereby  the  photoproduct  E  is  utilized  by  the  sense  cells, 
and  r  denotes  a  mathematical  function  of  F.^^ 

The  equation  for  brightness  discrimination  and  visual  acuity  is 

A I  Ci  (C/k.  1)7"       1 

I  ks  x'  t  ka  t 

where  a  denotes  visual  acuity,  1  denotes  the  concentration  of  L,  K2  the  veloc- 
ity constant  for  E-^P  -f  A  reaction,  fes  the  velocity  constant  of  the  P  -\-  A-^S 
reaction,  and  t  the  duration  of  the  flash  of  light. '-'^ 

The  validity  of  these  equations  for  flicker  fusion  is  shown  in  Figure  126. 
In  this  figure  the  theoretical  curves  for  flicker  fusion  for  the  turtle  Pseud- 
emys  for  two  temperatures  and  for  man  under  conditions  of  rod  (on  left) 
and  of  cone  (on  right)  vision  are  fitted  to  experimental  data.  The  data  are 
well  fitted,  and  the  direction  of  the  shift  in  the  curve  caused  by  the  tem- 
perature change  is  correctly  predicted. 

N onphotochemical  Theories  of  Vistial  Phenomena.  In  the  determina- 
tion of  the  sensitivity  of  the  eye  to  a  small  spot  of  light  we  considered  a  caten- 
ary series  of  events.  Let  us  call  these  events  the  series  A  to  Z.  If  the  stimulus 
is  a  large  spot  of  light  or  a  geometrically  complex  light  source,  then  there  are 
many  parallel  series  of  such  events  and  a  number  of  Z  processes  in  the  brain. 
As  such,  the  Z's  are  subject  to  statistical  variation.  This  would  also  be  true 
if  a  single  chain  (A  to  Z)  were  repeated  time  after  time;  the  sensation  (event 
Z)  would  not  always,  at  least  under  experimental  conditions,  involve  exact- 
ly the  same  neurones  in  exactly  the  same  way.  This  would  be  especially  true 
near  the  threshold  intensity. 

However,  the  existence  of  a  statistical  variation  in  event  Z  has  led  to  an  alt- 
ernative and  nonphotochemical  explanation  of  the  above  visual  functions. 
This  alternative  theory  is  based  entirely  on  the  existence  of  statistical  varia- 
tion, and  its  development  was  stimulated  by  the  inadequacies  of  the  early 
photochemical  theory. 

Acording  to  the  statistical  theory  proposed  by  Crozier  and  his  cowork- 
(^.pj. -'H.  .•{I,.?-', .{.!,  .H,  .{5,  .{6,  .{7  ^Y^^,  siomoit}  curves  for  flicker  fusion,  brightness 
discrimination,  and  visual  acuity  as  functions  of  intensity  are  probability  in- 
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tegrals  (i.e.,  ogive  curves)  in  log  I.  The  fundamental  assumption  is  that  the 
controlling  mechanism  in  these  phenomena  is  the  statistical  distribution  of 
thresholds  (in  log  7).  At  low  intensities  only  the  most  sensitive  elements 
(rods  or  cones  and  associated  neurones)  respond;  at  high  intensities  all  of 
them  respond.  Dark  adaptation  curves  as  a  function  of  time  are  explained 
as  the  progressive  increase  of  sensitivity  of  individual  units  and  may  be  fitted 


Fig.  126.  Data  showing  the  relation  of  the  flicker  fusion  frequency  to  the  log  of  the 
intensity  for  man  (uppermost  curve)  and  the  turtle  (lower  curves).  Note  the  shift  to  the 
right  in  the  curve  for  Pseiidemys  produced  by  a  lower  temperature.  The  curves  were 
calculated  from  equations.    From  Jahn."* 

if  the  sensitivity  is  treated  as  a  probability  integral  in  log  of  time  in  the 
dark.  On  the  basis  of  this  theory  the  assumed  distribution  of  thresholds  cov- 
ers at  least  four  and  sometimes  as  manv  as  eight  log  units.  The  thresholds 
are  supposed  to  vary  from  element  to  element  and  from  moment  to  moment. 
If  one  accepts  these  postulates,  all  of  the  data  can  be  explained. 

This  theory,  of  course,  is  a  source  of  frustration  to  investigators  who  wish 
to  reveal  the  mechanism  of  either  the  sense  cells  or  associated  neuronal  net- 
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works  by  means  of  measurements  of  sensory  phenomena.  It  is  generally  agreed 
that  the' photochemical  cycle  is  responsible  for  sensation  in  that  it  is  the  mech- 
anism by  which  the  sense  cell  is  activated.  However,  Crozier's  theory  holds 
that  in  explaining  the  shape  of  the  curves  for  various  visual  phenomena  only 
the  statistical  distribution  of  thresholds  need  be  considered. 

An  additional  theory  is  that  of  Householder  and  Landahl.^^  j^  this  the- 
ory the  responsibility  of  determining  the  shape  of  curves  for  visual  phenom- 
ena is  entirely  removed  from  the  sense  cell  and  is  placed  in  the  central  ner- 
vous system  (or  possibly  in  the  neurone  layers  of  the  retina).  On  the  basis  of 
assumed  dynamics  of  synaptic  transmission,  Householder  and  Landahl  have 
derived  equations  which  describe  the  relationship  between  critical  flicker, 
light  to  dark  ratio,  and  intensity,  between  relative  brightness,  light  to  dark 
ratio,  and  frequency,  and  also  between  brightness  discrimination  and  inten- 
sity. Provision  is  made  in  the  equations  for  the  excitatory  and  inhibitory  pro- 
cesses at  the  synapses,  and  it  is  implied  that  different  intensities  of  light 
cause  excitation  of  completely  different  sets  of  neurones.  As  far  as  they  go, 
the  derived  equations  offer  a  reasonably  good  fit  for  the  experimental  data. 

Evaluation  of  the  Householder  and  Landahl  interpretation  in  terms  of  other 
theories  or  of  known  facts  is  very  difficult,  principally  because  the  equations 
have  been  derived  on  the  basis  of  a  few  assumptions  concerning  synaptic 
transmission  within  the  central  nervous  system,  without  reference  to  photo- 
chemistry or  to  statistical  distribution  of  thresholds.  The  equations  are  ap- 
plicable to  all  types  of  sensory  discrimination,  and  at  present  there  seems  to 
be  no  way  of  proving  or  disproving  them  or  even  of  estimating  their  potential 
value. 

The  Electrical  Activity  of  Photoreceptors.  Consideration  of  the  function 
of  vision  reveals  that  the  light,  which  is  the  agent  activating  the  visual 
system,  goes  no  further  than  the  photosensitive  membrane  upon  which  it 
is  incident.  However,  the  experience  of  the  light,  or  its  sensation,  takes  place 
within  the  central  nervous  system.  The  evidences  for  the  existence  of  a  secon- 
dary reaction  in  the  retina,  i.e.,  the  catalysis  of  a  substrate  by  one  or  several 
photodecomposition  products,  into  an  activating  agent  T,  have  been  pre- 
sented (p.  408).  However,  this  throws  no  light  on  the  nature  of  the 
agent  T  or  the  manner  in  which  it  initiates  nervous  activity  in  the  optic 
pathway. 

The  data  concerning  the  electrical  activity  of  photoreceptors  reveal  certain 
relationships  that  indicate  its  possible  importance  as  a  link  in  the  chain  of 
events  that  constitute  the  peripheral  visual  mechanism. 

The  Nature  of  Retinal  Electrical  Activity.  The  fact  that  electrical  poten- 
tials may  be  measured  from  the  front  and  back  of  the  vertebrate  eye  was 
discovered  by  Du  Bois  Reymond  in  1849,"  and  the  fact  that  this  voltage 
changes  with  the  intensity  of  illumination  was  discovered  by  Holmgren  in 
1865.^"  Since  these  pioneer  observations  were  made,  it  has  been  established 
beyond  doubt  that  whenever  a  photoreceptor  is  illuminated  (assuming  a 
viable  photoreceptor  'and  illumination  above  a  minimal  intensity),  there  oc- 
curs a  fluctuation  in  the  steady  potential  difference  which  exists  across  the 
eye.  This  steady  potential  difference  is  so  oriented  (Fig.  115,  B,  left)  that 
the  apical  ends  of  the  photosensitive  elements  (rods  and/or  cones  in  verte- 
brates) are  negative  to  the  basal  ends.  The  change  in  this  potential  wrought 
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by  illumination,  called  the  retinal  action  potential,  is  such  as  to  cause  an  in 
crease  in  the  electrical  negativity  of  the  apical  ends  of  the  photosensitive  ele- 
ments (Fig.   15,  B,  right).  The  magnitude  of  the  retinal  action  potential  is 
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Fig.  127.  Retinal  action  potentials  of  different  animals  obtained  under  somewhat 
different  conditions.  Upward  deflection  in  all  cases  indicates  negativity  of  the  electrical 
lead  near  the  free  end  of  the  retinal  cells.  The  magnitude  of  the  responses  is  not  com- 
parable because  of  differences  of  amplification. 

greatest  shortly  after  the  onset  of  illumination  (the  b-wave).  As  illumination 
continues,  the  electrical  response  may  decline  rapidlv  to  a  minimum  which 
is  maintained  (Fig.  127,  Limidiis  eye),  or  the  electrical  response  may  in- 
crease in  magnitude  again  (the  c-wave)  after  a  slight  decrease  (Fig.   127, 
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frog's  eye,  and  Fig.  115).  In  some  photoreceptors  the  cessation  of  illumina- 
tion is  followed  by  a  further  increase  in  negativity,  called  the  d-wave.  In  the 
electrical  action  potentials  of  most  vertebrate  photoreceptors,  the  b-wave  is 
preceded  by  a  brief  low  magnitude  potential  in  the  positive  direction,  the 
a-wave.  Although  this  terminology  has  been  applied  to  the  retinal  action 
potentials  of  all  photoreceptors,  a  'strict  homology  of  the  various  waves  has 
not  been  demonstrated. 

For  the  purpose  of  measuring  the  action  potential  of  the  retina,  electrodes 
may  be  connected  to  the  front  and  back  of  the  eye.  By  means  of  such  con- 
nections, either  on  an  isolated  eye  or  on  one  in  situ,  the  electrical  changes 
are  recorded  by  appropriate  instruments.  A  record  of  the  retinal  action  poten- 
tial obtained  in  this  manner  is  called  an  electroretinogram  (ERG).  The  wave 
form  of  the  electroretinogram  has  been  studied  as  a  function  of  intensity  of 
stimulating  light,  of  the  degree  of  dark-  or  light-adaptation,  of  the  duration  of 
the  flash  of  light,  of  the  frequency  of  a  flickering  light,  of  temperature,  and  of 
the  effect  of  various  drugs.^^-  ^^^  As  a  result  of  such  analyses  it  is  postulated 
that  the  ERG  represents  the  algebraic  sum  of  potentials  from  three  sources, 
which  are  referred  to  as  the  three  components,  P  (meaning  process)  I,  P  II, 
and  P  III.  The  exact  site  of  origin  of  these  electrical  components  has  not  been 
determined,  but  at  least  one  of  them  exists  in  the  sense  cell.^'^  This  has  been 
well  demonstrated  for  the  sense  cells  of  Limulus,^'^  the  compound  eye  of  the 
grasshopper,  Trimerotropis,^^^  and  for  Dytiscus,^  and  it  undoubtedly  occurs  in 
all  photoreceptors. 

The  simplest  electroretinograms  obtained  are  from  the  eye  of  Limulus 
(Fig.  127),  an  eye  lacking  lateral  connections  between  sensory  neurones. 
The  response  to  illumination  is  a  simple  negative  wave,  followed  by  a  lower 
sustained  potential  as  long  as  stimulation  persists.  The  a-,  b-,  c-,  and  d-waves 
are  conspicuously  lacking,  but  the  wave  form  is  quite  similar  to  that  of  P  II 
in  the  component  analysis  of  the  vertebrate  retinal  action  potential.  Measure- 
ments of  retinal  electrical  activity  have  usually  been  made  in  terms  of  the 
magnitude  of  the  b-wave.  Measurements  of  c-wave  magnitudes^^^-  ^'^'^  seem 
to  parallel  the  b-wave  measurements,  at  least  in  some  respects.  The  former 
are  more  difficult  to  obtain. 

Electrical  Measurement  of  Visucil  Functions.  The  relation  between  in- 
cident light  and  electrical  response  indicates  the  possible  dependence  of  the 
retinal  electrical  event  upon  the  known  properties  of  the  photochemical 
system. 

ELECTRICAL    MEASUREMENT   OF    SPECTRAL    SENSITIVITY.    The   magnitude   of 

the  electrical  action  potentials  of  photoreceptors  depends  (within  hmits) 
rather  direcdy  on  the  intensity  and  on  the  duration  of  the  light  stimulus. 
This  dependence  of  magnitude  on  intensity  suggests  the  possibility  of  meas 
uring  the  spectral  sensitivity  of  this  response,  using  relatively  monochromatic 
light  corrected  for  equal  ener[;v.  Techniques  for  such  measurement  have 
been  described.**^'  ^"'^  The  ideal  procedure  is  to  select  a  series  of  bands 
throughout  the  visible  spectrum  (with  a  monochromator  or  with  color  filters) 
and  adjust  the  intensity  so  that  it  is  equal  for  all  the  wave  length  bands.  (The 
bands  should  be  as  narrow  as  possible).  The  magnitude  of  the  photoreceptor 
electrical  response  (b-wave)  elicited  bv  constant  duration  test  flashes  of  the 
various  spectral  bands  will  vary.  The  resultant  plot  of  magnitude  against 
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wave  length  yields  a  curve  which  describes  the  spectral  sensitivity  of  the 
electrical   response   (Fig.    128).   Numerous   such   measurements   have  been 

j^ade  50.51.95,1.34 

The  spectral  sensitivity  curve  of  the  electric  response  of  the  frog  eye,  using 
intensities  below  the  cone  threshold,  yields  a  curve  which  is  identical  with 
the  spectral  absorption  curve  of  rhodopsin,  the  rod  pigment  in  the  frog  eye 
(Fig.  128).  Despite  the  relative  abundance  of  electrical  spectral  sensitivitv 
measurements  on  diverse  animals,  no  other  direct  comparisons  with  spectral 
absorption  of  photolabile  pigments  can  be  made  because  the  latter  have  not 
been  measured  in  vitro.  The  action  spectrum  of  the  squid  eye''^^  resembles 
the  absorption  spectrum  of  rhodopsin,  which  agrees  with  the  presence  of  a 
rhodopsin-like  substance  in  these  eyes.^'"*'  '■* 
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Fig.  128.  Spectral  absorption  curve  of  visual  purple  (open  circles),  and  the  action 
spectrum  of  the  dark-adapted  frog  eye  as  measured  by  the  size  of  the  b-wave  of  the 
retinal  action  potential  (closed  circles).    From  Granit." 

Spectral  sensitivity  curves  of  photoreceptors  obtained  by  the  measurement 
of  different  responses  (e.g.,  electrical  and  behavioral)  are  in  general  agree- 
ment. Thus  the  spectral  sensitivity  of  insects  determined  by  behavior  agrees 
with  the  electrical  measurements.  In  the  human  eye  the  scotopic  and 
photopic  (rod  and  cone)  luminosity  curves,  obtained  by  verbal  response, 
agree  well  with  similar  electrical  determinations.'*^ 

TEMPERATURE     EFFECT    ON     THE     RETINAL    ACTION    POTENTIAL.     A    SCCOnd 

point  of  comparison  between  the  photochemical  process  and  the  electrical 
event  in  the  retina  concerns  the  effect  of  temperature  on  these  reactions.  It 
is  well  known  that  photochemical  bleaching  reactions  are  affected  not  at  all  or 
very  little  by  temperature.  It  will  be  remembered  that  Hecht  determined 
the  effect  of  temperature  on  the  photochemical  process  in  the  clam,  obtaining 
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values  of  Qio  ranging  from  1.04  to  1.07  over  a  temperature  range  of  15  to 

25°  C. 

The  effect  of  temperature  on  the  retinal  response^*^^  was  measured  m  a 
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maximally  dark-adapted  animal  (the  grasshopper).  Constant  energy  test 
flashes  were  used  and  the  resulting  electrical  response  magnitude  was  re- 
lated to  temperature.  In  the  temperature  range  of  15  to  25°  C.,  temperature 
coefficients  were  computed  ranging  from  1.10  to  1.38.  The  temperature  co- 
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efficients  obtained  by  Hecht  and  the  above  values  are  in  fair  agreement 
with  the  theoretical  value  of  1.00. 

RECIPROCITY     LAW     DETERMINED     FROM     ELECTRICAL     MEASUREMENTS     OF 

RETINAL  ACTIVITY.  Numerous  measurements^^--  ^'^^'  ^"'  ^^-  ^*'  ^'^  relate  the  mag- 
nitude of  the  retinal  action  potential  to  the  stimulating  intensity,  employ- 
ing a  constant  flash  duration  (Fig.  129).  The  data  of  Hartline,  ^'^  presented 
in  Figure  130,  are  particularly  instructive.  He  has  measured  the  magnitude 
of  the  retinal  action  potential  in  relation  to  intensity  of  illumination,  em- 
ploying diff^erent  exposure  periods. 

These  data  reveal  that  over  a  wide  range  the  intensity  and  duration  of 
flash  to  produce  a  response  of  constant  magnitude  are  inversely  related,  i.e., 
for  longer  durations  the  intensity  needed  is  less,  and  vice  versa.  Computa- 
tion of  the  intensity-time  product  necessary  to  elicit  a  response  of  constant 
magnitude  is  equal  to  a  constant.   Here,  then,  is  a  duplication  of  the  applic- 
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Fig.  130.  A  family  of  curves  relating  magnitude  of  the  retinal  action  potential  to 
log  intensity  for  different  periods  of  exposure.  The  measurements  were  obtained  from 
the  eye  of  a  grasshopper.    From  Hartline.** 


ability  of  the  reciprocity  law  to  photoreception,  an  earlier  application 
having  been  made  by  Hecht  (see  page  406).  Again  it  should  be  pointed 
out  that  the  above  relation  is  valid  only  for  constant  response  levels.  The 
over-all  relation  between  E  and  It  for  the  photoreceptor  of  the  grasshopper 
is  apparent  from  inspection  of  the  data  in  Figure  130,  and  is  the  same  as  the 
relation  between  magnitude  of  the  retinal  action  potential  and  logarithm  of 
the  intensity. 

RELATION    BETWEEN    INTENSITY    AND    MAGNITUDE    OF    ELECTRIC    RESPONSE. 

Inspection  of  the  curves  in  Figure  129  and  in  Figure  130  indicates  that  the 
relation  between  intensitv  of  the  light  stimulus  and  the  magnitude  of  the 
retinal  action  potential  is  a  rather  consistent  one.  The  curves  are  sigmoid, 
with  a  plateau  at  the  high  and  low  intensity  ends  and  a  rather  linear  inter- 
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mediate  region.  The  data  which  indicate  atypical  trends^^^  do  so  for  tech- 
nical reasons  (see  Wulff  ^'^*).  It  is  apparent  that  some  of  those  photoreceptors 
examined  give  rise  to  an  electrical  response  which  increases  with  increasing 
intensity  of  illumination  over  a  considerable  range.  In  some  cases  this  in- 
tensity range  is  of  the  order  of  a  million. 

Graham^^  has  demonstrated  that  the  electrical  response  (measured  as  the 
time  integral  of  the  retinal  potential)  of  the  Limulus  eye  increases  under  the 
following  conditions:  (1)  when  the  number  of  sensory  units  (ommatidia) 
illuminated  is  kept  constant  and  intensity  of  illumination  increases;  (2)  when 
the  illumination  is  kept  constant  and  the  number  of  sensory  units  illuminated 
is  increased  (Fig.  131).  These  results  probably  indicate  that  individual 
sensory  units  can  produce  a  graded  response.  It  is  probable  that  the  intensity- 
magnitude  data  of  Figures  129  and  130  represent  recruitment  of  increasing 
numbers  of  sensory  elements  as  well  as  the  summed  effect  of  graded  re- 
sponses of  the  sense  elements  stimulated. 
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Fig.  131.  Data  illustrating  the  relation  between  response  magnitude  (time  integral  of 
the  retinal  potential  change)  and  number  of  ommatidia  illuminated  at  four  different 
intensities.   The  logs  of  the  intensities  are  indicated  on  the  curves.    From  Graham." 

ELECTRICAL  MEASUREMENT  OF  DARK  ADAPTATION.  During  dark  adaptation 
a  given  Hght  stimulus  becomics  more  and  more  effective,  i.e.,  the  photochem- 
ical effect  becomes  greater.  This  should  be  reflected  also  in  the  electrical 
response  to  a  given  light  stimulus  during  dark  adaptation.  The  time  course 
of  dark  adaptation  has  been  followed  in  several  species  of  animals  by  meas- 
urement of  the  magnitude  of  the  electrical  response  elicited  by  a  constant- 
intensity,  constant-duration  light  stimulus.  The  data  obtained  by  Hartline"'"' 
from  Limxdus  and  by  Rigps^"*-  from  the  frog  (2  degree  foveal  stimulation 
data),  when  plotted  in  terms  of  log  /  necessarv  to  elicit  a  response  of  con- 
stant magnitude  as  a  function  of  time  in  the  dark  (Fig.  116,  middle  and 
upper  curves),  give  curves  essentially  similar  to  the  curve  obtained  by  Hecht 
(lower  curve.  Fig.  116— see  page  407). 
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There  may  be  some  question  why  these  dark-adaptation  velocity  meas- 
urements conform  to  the  bimolecular  isotherm,  in  view  of  the  complexity 
of  the  rhodopsin  cycle  previously  discussed  (see  page  411).  As  indicated 
below,  it  is  apparent  that  these  measurements  do  not  reveal  the  complex  re- 
lations which  actually  obtain.  In  the  measurements  on  frogs,''*-  attention 
is  directed  to  the  fact  that  the  data  represent  cone  adaptation  rather  than 
rod  adaptation.  Electrical  measurements  of  dark  adaptation  in  the  albino 
rat-'  conform  much  more  closely  to  the  reaction  rate  of  a  monomolecular  re- 
action than  to  a  bimolecular  reaction  rate.  In  this  respect  the  data  of  Char- 
pentier  agree  with  the  data  of  Tansley,'-'^^  who  followed  dark  adaptation  in 
the  albino  rat  by  extraction  of  rhodopsin.  Tansley  demonstrates  that  the 
latter  data  are  fitted  best  by  the  velocity  equation  for  a  monomolecular  re- 


Fig.  132.  Retinal  action  potentials  obtained  from  a  beetle,  Dytiscus  marginatus,  during 
a  sojourn  in  the  dark  for  4  days.  Note  the  persistent  change  in  the  polarity  of  the 
response  twice  every  24  hour  period.    From  Jahn  &  Wulff.^°* 

action.  There  is  rather  good  correspondence  between  the  electrical  and  chem- 
ical measurements  of  dark  adaptation  in  the  albino  rat.  Chase  and  Smith-' 
measured  the  time  course  of  regeneration  of  an  in  vitro  solution  of  rhodop- 
sin extracted  from  frog  retinae.  The  data  are  fitted  by  the  monomolecular 
equation.  Hence,  the  measurements  of  dark  adaptation  velocities  as  a  whole 
afford  considerable  inconsistency.  More  recently  the  electric  response  of  the 
human  eye  has  been  measured  during  dark  adaptation.'^-''" 

OTHER     CONTRIBUTIONS     FROM     MEASUREMENT     OF     ELECTRICAL     ACTIVITi' 

OF  PHOTORECEPTORS.  At  least  several  genera  of  beetles  (^Hydrous,  Chlaenius, 
Harpalns,  Dytiscus^  exhibit  an  inherent  diurnal  rhythm  in  the  type  of 
electrical  response  of  the  eye.'"'^- '"*• '"^- '^"^  Figure  132  shows  the  types  of 
records  obtained  from  Dytiscus  in  response  to  a  constant-intensity,  constant- 
duration   test  flash   at  various  times  throughout  a  4-day  period.   Until  the 
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death  of  the  animal,  the  response  changed  in  character  regularly  twice  daily, 
even  though  the  animal  was  maintained  in  total  darkness.  It  is  possible  to 
maintain  Chlaenius  in  complete  darkness,  except  for  test  flashes,  for  a  week 
and  to  record  a  diurnal  variation  in  the  electrical  responses. 

During  the  night  phase  the  eye  is  more  sensitive,  in  that  the  light  in- 
tensity necessary  to  produce  a  minimal  detectable  electrical  response  is  about 
1/1000  of  that  necessary  during  the  day  phase.  This  diurnal  variation  in  sen- 
sitivity is  not  correlated  with  iris  pigment  migration,  for  in  Dytiscus  such  mi- 
gration occurs  only  as  a  response  to  changes  in  the  state  of  light  and  dark 
adaptation. ^"^ 

The  electrical  activity  of  the  neurones  of  the  optic  ganglion  of  insects 
may  also  be  detected  by  measurements  made  with  electrodes  on  the  cornea. 
The  activity  of  the  ganglionic  neurones  is  often  rhythmic  and  appears  as 
ripples  superimposed  on  the  electroretinogram.  If  the  optic  ganglion  is 
excised  the  oscillations  can  no  longer  be  recorded  from  the  eye.  Excision  of 
the  brain,  however,  has  no  obvious  eff^ect  on  these  oscillations,'^'*'  ^'*^  The 
frequency  of  this  oscillatorv  activitv  is  usually  8  to  40  or  more  cycles  per 
second  and  apparently  results  from  the  synchronized  activity  of  the  ganglionic 
neurones.  Oscillatory  activity  occurs  when  the  light  is  on,  or  for  a  short  pe- 
riod of  time  just  after  illumination  has  ceased."*  The  frequency  and  magni- 
tude depend  on  the  temperature,  on  the  state  of  adaptation,  on  the  intensity 
and  exposure  period  of  the  light,  and  on  the  species.  In  many  respects  the 
oscillatory  activity  of  the  optic  ganglion  is  very  similar  to  that  of  the  verte- 
brate cereberal  cortex  which  is  recorded  in  the  electroencephalogram. 

SUMMARY.  The  measurement  of  visual  functions  by  means  of  the  retinal 
action  potential  agrees  with  measurements  of  the  same  visual  functions  by 
other  techniques.  Moreover,  the  correlations  lead  inevitably  to  the  conclusion 
that  the  retinal  action  potential  is  controlled  by  a  photochemical  reaction. 
The  previous  discussion  does  not  reveal  any  glimpse  of  the  transitional  mech- 
anism between  the  photochemical  event  and  the  electrical  event  in  the  retina; 
this  remains  to  be  demonstrated  in  the  future.  Nor  does  the  foregoing  dis- 
cussion prove  irrevocably  that  the  retinal  action  potential  is  a  critical  event 
in  the  peripheral  visual  mechanism;  it  merely  indicates  the  possibility  that  it 
is.  Consideration  of  the  relation  between  the  retinal  action  potential  and  the 
discharge  of  nerve  impulses  in  the  fibers  of  the  optic  nerve  is  of  interest  in 
this  connection. 

Electrical  Activity  of  the  Optic  Nerve:  Nature  of  Optic  Nerve  Activity. 
One  of  the  most  useful  techniques  in  the  study  of  vision  is  that  of  recording 
the  impulses  from  individual  fibers  of  the  optic  nerve,  either  from  the  nerve 
itself^^  in  invertebrates,  or  from  the  fibers  on  the  inner  surface  of  the  retina 
before  they  form  the  nerve^^  in  vertebrates.  This  method  of  investigation 
has  yielded  much  of  our  knowledge  of  the  action  of  the  sensory  cells,  both  as 
individual  units  for  the  detection  of  light  and  as  units  for  the  discrim- 
ination of  wave  length  (color  vision). 

Most  aff^erent  nerves,  when  stimulated  via  their  end-organs,  respond  with 
a  train  of  action  potentials  rather  than  with  a  single  action  potential.  The 
fibers  of  the  optic  nerve  are  no  exception.  An  example  of  the  response  of  a 
single  nerve  fiber  of  Limidus  to  prolonged  illumination  of  the  sensory  ending 
is  shown  in  Figure  133.  In  Limidus  each  fiber  is  connected  to  a  single  sensory 
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ending.  The  impulses  therefore  are  reflections  of  the  activity  of  individual 
sensory  units.  The  first  record  shows  that  after  a  short  latent  period,  there 
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is  a  prolonged  series  of  nerve  impulses  of  high  frequency  for  slightly  more 
than  a  fifth  of  a  second  and  then  of  a  lower  but  rather  constant  frequency 
(Fig.  133).   At  a  lower  intensity  (second  record)  the  latent  period  is  longer 
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and  the  impulse  frequency  is  lower.  At  a  still  lower  intensity  the  latency  is 
further  prolonged  and  the  frequency  is  still  lower.  In  all  of  these  records 
the  impulses  stop  with  cessation  of  illumination.  Impulses  in  single  fibers  of 
the  Limulus  optic  nerve  have  been  recorded  for  periods  of  illumination  lasting 
30  minutes.^"  These  impulses  occur  at  a  low  frequency,  and  probably  con- 
tinue as  long  as  the  eye  is  illuminated. 

The  frequency  patterns  of  nerve  impulse  discharge  in  all  fibers  of  the 
Limulus  optic  nerve  are  similar.  The  condition  in  the  vertebrate  optic  nerve 
is  quite  different.^**  Three  functionally  different  types  of  fibers  have  been 
discovered  by  Hartline,  using  the  difficult  technique  of  recording  from  sin- 
gle intraocular  fibers  in  the  frog  (Fig.  134).  Fiber  A  responds  with  a  volley 
shortly  after  illumination  begins  ("on"  burst).  The  impulse  frequency  de- 
clines, at  first  rapidly,  then  more  slowly,  and  is  interrupted  by  a  quiet  pe- 
riod. The  impulse  frequency  decreases  until  the  end  of  illumination,  at 
which  time  the  fiber  responds  with  another  burst  of  impulses  ("off"  burst). 
These  fibers  comprise  about  20  per  cent  of  the  total  fiber  population.  Fiber 
B  exhibits  an  "on"  burst  and  an  "off"  burst  of  impulses  and  does  not  re- 
spond to  continued  illumination.  These  fibers  comprise  about  50  per  cent  of 


Fig.  134.  Trains  of  spike  potentials  initiated  in  three  types  of  frog  optic  nerve  fibers 
upon  onset  and  cessation  of  illumination  of  the  eye.  The  absence  of  the  white  line  indi- 
cates illumination  of  the  eye.  A,  Fiber  responds  with  initial  "on"  burst  and  maintained 
discharge  during  period  of  illumination;  B,  fiber  responds  with  "on"  burst  and  a  burst 
on  cessation  of  illumination  ("off"  burst);  C,  fiber  responds  only  with  "off"  burst.  Time 
marked  in  1/5  sec.  From  Hartline.*® 


the  total  fiber  population.  Fiber  C  exhibits  only  an  "off"  burst  of  impulses. 
This  type  of  fiber  comprises  about  30  per  cent  of  the  total  fiber  population. 
The  optic  nerve  discharge  patterns  in  invertebrates  are  of  considerable 
interest  because  these  observations  cast  some  light  on  the  complexities  of  fre- 
quency patterns  observed  in  the  vertebrate  eye.  In  the  segmental  nerve 
of  an  anterior  segment  of  the  earthworm^-^-*  and  in  the  ventral  nerve  cord 
anterior  to  the  sixth  abdominal  ganglion  of  the  crayfish  Prosser^^*  recorded 
a  discharge  appearing  shortly  after  illumination  which  builds  up  slowly  to  a 
maximum.  The  receptors  involved,  probably  the  unicellular  receptors  of 
earthworms  (page  383)  and  the  sixth  abdominal  ganglion  of  the  crayfish, 
are  believed  to  be  primitive  photoreceptors.  Prosser^^^  also  recorded  a  nerve 
discharge  pattern  in  the  pharyngeal  commissures  of  the  crayfish  on  illumina- 
tion of  the  stalked  compound  eyes.  The  discharge  consisted  of  an  "on"  burst, 
a  maintained  discharge  of  declining  frequency,  and  an  "off"  burst.  Hartline 
recorded  from  single  optic  nerve  fibers  of  the  distal  and  proximal  retinae  of 
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Pecten;  the  fibers  from  the  proximal  sense  cells  exhibited  a  pattern  similar  to 
the  Limulus  pattern  (Fig.  133).  The  fibers  from  the  distal  retina  exhibited 
"off"  bursts  only.  The  difference  in  optic  nerve  discharge  must  be  attributed 
to  the  cells  of  the  distal  retina.  The  cells  of  either  area  are  capable  of  being 
excited  only  by  cessation  of  illumination  or— and  this  is  the  more  plausible 
view— they  serve  in  the  capacity  of  ganglion  cells  and  receive  their  excitation 
from  the  distal  sense  cell  layer.  Hartline  and  Wilska/''  using  microelectrodes, 
found  that  the  fibers  in  the  anterior  portion  of  the  optic  lobe  of  Liviulus,  pre- 
sumably coming  directly  from  the  retina,  exhibited  the  familiar  discharge 
pattern  (Fig.  133).  The  fibers  in  the  posterior  portion  of  the  lobe  exhibited 
"off"  bursts  on  cessation  of  illumination,  similar  to  that  shown  in  the  verte- 
brate picture.  These  neurones  are  never  active  during  illumination,  and  the 
frequency  and  duration  of  the  "off"  burst  depend  on  the  intensity  and  dura- 
tion of  the  preceding  illumination.  The  "off"  burst  discharge  is  inhibited  by 
re-illumination,  just  as  it  is  in  the  vertebrate  eye^^  and  in  Pecten.  In  the 
vertebrate  eye,  each  third  order  neurone,  from  which  the  frequency  patterns 


100 

1    /■' 

/ 

\ 

VISIBILITY   - 

■/ 

\ 
o 

V 

J2lJ 


400 


500 
WAVE-LENGTH 


600 


700 


Fig.  135.  Visibility  curve  for  a  single  visual  sense  cell  QLimulus^.  Visibility  of  each 
spectral  band  is  the  reciprocal  of  the  relative  intensity  necessary  to  produce  a  specified 
number  of  nerve  impulses.   From  Graham  and  Hartline.*" 

(Fig.  134)  were  recorded,  is  separated  from  the  primary  neurone,  the  sense 
cell,  by  at  least  one  interspersed  neurone,  offering  considerable  complexity  of 
interrelations  (see  Fig.  110).  The  complexities  of  the  vertebrate  frequency 
patterns  are  attributable  to  this  retinal  ganglionic  layer. 

Measurement  of  Visual  Functions  by  Means  of  the  Optic  Nerve  Dis- 
charge: SPECTRAL  SENSITIVITY.  Employing  different  wave  length  bands  of 
stimulating  light,  Graham  and  Hartline'*"  measured  the  intensity  necessary  to 
produce  a  constant  number  of  nerve  spike  potentials  in  an  optic  nerve  fiber. 
The  reciprocal  of  the  intensity  may  be  taken  as  a  measure  of  sensitivity.  The 
resultant  plot  of  visibility  against  wave  length  gives  an  action  spectrum 
(Fig.  135)  that  resembles  those  obtained  by  other  techniques  and  from  other 
animals  and,  indeed,  is  similar  to  the  spectral  absorption  curve  of  rhodopsin. 

THE  RECIPROCITY  LAW.  Rccords  of  the  result  of  illumination  of  the  Limulus 
eye  with  brief  flashes  of  light  are  shown  in  Figure  136.*"'  The  technique 
used  in  obtaining  the  data  of  Figure   136  is  identical  with  the  technique 
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used  in  obtaining  that  of  Figure  13B.  The  four  vertical  rows  of  oscillograms 
were  made  from  the  same  dark-adapted  liber  with  different  durations  of  sin- 
gle flashes  of  light.  The  four  horizontal  rows  were  taken  at  different  intensi- 
ties. It  is  to  be  noted  that  at  unit  intensity  (horizontal  row  1),  as  the  dura- 
tion of  the  flash  is  increased,  the  number  of  resultant  impulses  in  the  fiber 
increases.  Also,  as  the  intensity  is  decreased  (horizontal  rows  2,  3  and  4), 
the  duration  required  to  produce  a  single  impulse  is  increased.  The  data  indi- 
cate that  the  reciprocity  law  (duration  X  time  =  constant)  holds  for  the 
production  of  a  single  impulse. 

RELATION    BETWEEN    ILLUMINATING    INTENSITY    AND  FREQUENCY  OF  NERVE 

IMPULSE  DISCHARGE.  The  discharge  patterns  of  the  optic  nerve  of  Limulus  and 
of  fibers  A  and  B  of  the  frog  eye  exhibit  an  "on"  burst  of  high  frequency. 
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Fig.  136.  Spike  potentials  recorded  from  single  nerve  fibers  in  response  to  illumination 
of  the  eye  with  different  intensities  for  various  periods  of  time.  Duration  of  exposure  to 
light  is  indicated  at  the  top  of  each  column  in  seconds;  intensity  in  relative  units  is  indi- 
cated at  the  right  (unit  intensity  3,000,000  meter  candles).  The  absence  of  the  white 
line  indicates  exposure  of  the  eye.  For  very  short  exposures  the  arrows  mark  the  position 
of  the  signal.  Time  in  1/5  sec.   From  Hartline.*^ 

The  relation  of  this  maximal  frequency  to  the  intensity  of  the  illumination 
is  interesting  (Fig.  137),  because  there  is  a  rough  parallelism  between  this 
relation  and  the  relation  of  the  retinal  action  potential  magnitude  to  the 
illuminating  intensity  (see  Figs.  129  and  130,  page  425).  A  similar  relation 
seems  to  hold  between  other  parts  of  the  optic  nerve  discharge  pattern  and 
the  illuminating  intensity. 

DARK  ADAPTATION.  Employing  the  Linmhis  single  optic  nerve  fiber  prepara- 
tion, Hartline  and  McDonald'-  investigated  the  dark  adaptation  of  single 
visual  receptors.  The  recovery  of  a  visual  receptor  after  a  short  period  of 
adaptation  to  illumination  of  a  moderately  high  intensity  is  shown  in  Figure 
138.  The  nerve  spike  potentials  are  elicited  by  a  short  flash  of  light  of  fixed 
intensity    and    duration.    The    records    show    that    the    number    of    spike 
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potentials  elicited  by  the  test  flash  increases  rapidly  at  first  and  subsequently 
more  slowly. 

The  relation  of  this  recovery  to  time  may  be  graphically  illustrated  in  two 
ways:  (1)  by  determining  the  intensity  of  the  test  flash  necessary  to  elicit 
a  single  spike  potential  during  the  period  of  dark  adaptation,  and  (2)  by 
measuring  the  number  of  impulses  elicited  bv  a  constant  test  flash  as  a  func- 
tion of  time.  A  series  of  recovery  curves  plotted  according  to  the  second 
method  are  illustrated  in  Figure  139.  These  curves  were  obtained  after 
adaptation  to  lights  of  different  intensities.  It  is  apparent  that  recovery  after 


Z(?^_,  /ntensit/ 
Fig.  137.  The  relationship  between  frequency  of  spike  potentials  recorded  from  single 
optic  nerve  fibers  (Lzmw/ws)  and  the  logarithm  (base  10)  of  the  illuminating  intensity. 
A,  Maximal  frequency  of  discharge,  shortly  after  onset  of  illumination;  B,  frequency  of 
discharge  3.5  seconds  after  onset  of  illumination.    From  Hartline  and  Graham.'^ 

adaptation  to  illumination  of  a  low  intensity  is  much  more  rapid  than  re- 
covery after  adaptation  to  illumination  of  a  higher  intensity.  A  similar  series 
of  recoverv  curves  were  obtained  after  adaptation  for  varying  periods  but 
at  constant  intensity.  These  results  indicate  that  the  rate  of  dark  adaptation 
varies  with  the  intensity  and  duration  of  light  adaptation.  In  this  regard 
these  curves  duplicate  the  complexities  of  the  curves  of  vertebrate  eye  rod 
recoverv  (Fig.  115,  upper  curves). ^^^  The  variations  in  rate  of  dark  adapta- 
tion are  explained  in  terms  of  the  rhodopsin  cycle  (page  411),  and  an 
analogous  explanation  may  possibly  be  applied  to  the  Limidus  eye. 

Relations  between  Retinal  and  Optic  Nerve  Activity.  The  foregoing  dis- 
cussion of  retinal  and  optic  nerve  activity  in  a  variety  of  photoreceptors  in- 
dicates that  both  reflect  a  dependence  on  the  photochemical  nature  of  photo 
reception.  This  follows  on  consideration  of  spectral  sensitivity  measurements 
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employing  the  retinal  action  potential,  optic  nerve  discharge,  or  some  overt 
organismic  response,  and  their  comparison  v\'ith  the  spectral  absorption  curves 
of  known  animal  photolabile  pigments,  such  as  rhodopsin.  Similarly,  meas- 
urements of  the  time  course  of  dark  adaptation  by  different  techniques  agree 
quite  well.  Further,  the  reciprocity  law  of  Bunsen  and  Roscoe  has  been  dem- 
onstrated by  a  variety  of  techniques  to  apply  to  photoreceptors  at  given  re- 
sponse levels.  The  conclusion  that  both  retinal  and  optic  nerve  activity  de- 
pends on  the  absorption  of  radiant  energy  by  a  photolabile  pigment  seems  to 
be  justified. 


30  SEC. 
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Fig.  138.  Spike  potentials  recorded  from  a  single  optic  nerve  fiber  (LjwmZ«s)  in 
response  to  brief  and  constant  illumination  of  the  eye  at  various  times  in  the  dark  (indi- 
cated at  the  left  of  each  record),  after  a  period  of  light  adaptation.  Time  in  1/5  sec. 
The  light  flash  is  indicated  by  interruption  of  the  white  line.  From  Hartline  and  Mac- 
Donald." 


What  then  is  the  relation  between  the  retinal  action  potential  and  the 
activity  in  the  nervous  elements  of  the  optic  pathway?  This  question  is  not 
easily  answered,  although  it  has  been  raised  a  number  of  times.*'^-  ^'^'  "^ 
It  has  been  suggested,  by  Hartline^'^  and  others,  that  the  retinal  action  po- 
tential produces  local  action  currents  which  initiate  activity  in  the  nervous 
elements  of  the  optic  pathway.  This  sequence  of  events,  that  is,  a  slow 
potential  followed  by  nerve  discharge,  is  not  unknown  in  nerve  physiology. 
Such  a  sequence  has  been  demonstrated  in  the  ganglion  of  the  heart  of  Limu- 
lus,  ^^'  ""^  and  there  is  some  evidence  for  a  similar  sequence  of  events  in 
the  lower  motor  neurones  of  the  vertebrate  spinal  cord. 

Attractive  as  this  suggestion  may  be,  there  is  no  evidence  that  affords  clear- 
cut  proof.  It  has  been  shown  that  the  retinal  action  potential  precedes  the 


Photoreception 


435 


optic  nerve  discharge^'  or  optic  ganglion  response^'^^"  in  time;  it  has  also 
been  shown  that  a  nerve  impulse  mav  appear  on  illumination  (usually  low 
levels)  in  the  absence  of  detectable  retinal  action  potential.  In  response  to 
high  intensity  flashes  of  light  the  train  of  nerve  impulses  may  last  for  several 
seconds,  whereas  the  retinal  action  potential  is  over  in  a  fraction  of  a  second 
(Wulff,  unpublished).  These  observations  do  not  permit  an  answer;  future 
observations    will    undoubtedly   serve   to   clarify    this   problem. 


LIGHT      ADAPTATION 
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Fig.  139.  Dark  adaptation  of  single  visual  elements  of  Limulus  after  exposure  to  lights 
of  different  intensities  (indicated  on  the  curves  in  relative  units).  The  response  of  the 
eye  is  measured  by  recording  spike  potentials  of  single  visual  elements  in  response  to  a 
constant  intensity,  constant  duration  test  flash.  Note  the  de.pression  of  the  recovery 
curve  after  adaptation  to  more  intense  illumination.    From  Hartline  and  McDonald." 


The  Central  Visual  Mechanism 

Central  Visual  Pathways.  A  vertical  line  drawn  through  the  center  of 
the  fovea  of  the  human  retina  demarcates  the  two  hemiretinas,  the  fibers  of 
which  follow  different  pathwavs  to  the  brain.  Fibers  from  the  temporal 
hemiretina  of  the  left  eye  pass  through  the  optic  chiasma  and  without 
crossing  pass  to  the  lateral  geniculate  body  of  the  left  side  of  the  brain; 
those  of  the  temporal  side  of  the  right  eye  enter  the  right  optic  tract.  Fibers 
from  the  nasal  half  of  each  retina  cross  in  the  optic  chiasma,  enter  the  optic 
tract  of  the  opposite  side  of  the  brain,  where  they  join  the  uncrossed  fibers 
from  the  temporal  half  of  the  other  eye,  and  end  in  the  contralateral  genicu- 
late body.  In  the  geniculate  bodies  the  visual  fibers  enter  into  synaptic  rela- 
tions with  the  fourth  order  neurones  which  continue  on  to  the  occipital  lobe 
of  the  cortex.  As  a  result  of  the  regrouping  of  fibers  in  the  chiasma,  the  ef- 
fect of  lesions  of  the  chiasma  or  central  to  the  chiasma  causes  visual  defects 
which  are  different  from  those  produced  by  lesions  of  the  optic  nerve. 

The  Visual  Cortex.  Knowledge  of  the  manner  in  which  the  visual  fibers 
terminate  in  the  optic  cortex  is  obtained  by  three  principal  methods:   (1) 
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correlation  of  visual  field  defects  with  small  lesions  in  the  occipital  lobe;««'  ^^^ 
(2)  correlation  of  degeneration  in  the  geniculate  bodies  with  the  site  of  le- 
sions in  the  retina  or  in  the  cortex  (monkey"-  ^-y,  (3)  correlation  of  elec- 
trical action  potentials  from  various  parts  of  the  cortex  in  response  to  re- 
stricted stimulation  of  the  retina.^^-  It  has  been  demonstratedi^*^'-  ^"  that  the 
retina  is  projected  point-to-point  through  the  geniculate  body  to  the  optic 
cortex.  The  areas  of  the  striate  cortex  devoted  to  impulses  from  various 
parts  of  the  retina  have  been  determined  by  Talbot  and  Marshall,  and  are 
shown  in  Figure  140.  It  is  evident  that  the  image  formed  on  the  retina  is 
projected  to  the  striate  cortex  and  thence  to  higher  association  centers. 
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Fig.  140.  Projection  of  the  retina  on  the  left  occipital  lobe  of  the  monkey, 
determined  by  electrical  methods.   After  Talbot  and  Marshall. ^*- 

The  Mechanism  of  Color  Vision 

Normal  Color  Vision.  Color  vision  is  the  term  ordinarily  applied  to  the 
ability  of  an  animal  to  distinguish  between  light  of  various  wave  lengths. 
Inasmuch  as  several  combinations  of  wave  lengths  may  appear  to  have  the 
same  color,  i.e.,  to  give  the  same  sensation,  the  discrimination  termed  color 
vision  is  not  identical  with  wave  length  discrimination.  However,  the  dif- 
ferential effect  of  wave  length  on  the  receptors  is  the  fundamental  basis  of 
color  vision. 

The  most  obvious  fundamental  evidence  of  color  discrimination  is  ob- 
tained from  color  matching.  To  a  normal  human  observer  the  spectrum  ap- 
pears as  a  series  of  colors  varying  from  dim  red  through  orange,  yellow, 
brilliant  yellow-green,  green,  and  blue,  to  dim  violet.  The  colors  seen  by 

1  r    i_ 

a  normal  observer  can  be  duplicated  with  few  exceptions  by  mixtures  ot  three 
lights,  a  red,  a  green,  and  a  blue  light,  provided  each  is  independently  ad- 
justable in  intensity.  Two  lights  are  insufficient  and  four  are  unnecessary  for 
most  colors,  but  when  a  fourth  light  is  present  the  matching  is  more  perfect. 
A  normal  person  is  said  to  be  trichromatic,  by  which  is  meant  that  he  can 
duplicate  the  sjK'ctrum  with  three  colored  lights. 

Abnormal  Color  Vision.  Some  individuals  with  abnormal  vision  require 
lights  of  three  colors  to  match  any  given  color,  but  use  an  intensity  adjust- 
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ment  which  is  somewhat  different  from  that  used  by  normal  individuals. 
These  individuals  are  said  to  have  an  anomalous  trichromatism  or  to  have  a 
"color  weakness,"  i.e.,  a  weak  sensitivity  to  certain  colors.  Other  indixiduals 
can  match  the  spectrum  with  onlv  two  colored  lights;  thev  are  said  to  be 
dichromatic  or  color  blind.  Other  individuals  are  not  able  to  detect  any 
chromatic  differences  in  the  spectrum;  they  are  completely  color  blind. 

Observers  with  dichromatic  vision  are  of  several  types.  One  type,  the 
deuteranope,  can  distinguish  yellow  from  blue  but  not  green  from  red,  and 
sees  both  red  and  green  as  shades  of  grav.  Another  tvpc,  the  protanope,  is  able 
to  distinguish  blue  from  yellow  but  not  green  from  red,  and,  in  addition,  is 
less  sensitive  to  red  than  a  normal  person  or  a  deuteranope,  i.e.,  he  sees  red 
not  as  various  shades  of  grav,  as  does  the  deuteranope,  but  as  a  very  dark 
gray  or  black.  A  third  and  rare  type,  the  tritanope,  is  able  to  distinguish  be- 
tween green  and  red  but  not  between  yellow  and  blue. 

Color  blindness  of  the  first  two  types,  deuteranopia  and  protanopia,  and 
their  respective  color  weaknesses,  deuteranomaly  and  protanomaly,  are  in- 
herited as  sex-linked  characters  and  are  therefore  about  twenty  times  as 
common  in  men  as  they  are  in  women  (total  abnormality  for  men,  8.0  per 
cent;  for  women,  0.43  per  cent). 

The  Peripheral  Mechanism  of  Color  Vision.  It  was  suggested  by  Thomas 
Young  in  1807  that  the  fundamental  mechanism  of  color  vision  was  a  dif- 
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Fig.  141.  The  sensitivity  curve  (open  circles)  of  the  receptors  connected  with  a  single 
ganglion  cell  of  the  dark-adapted  retina  of  a  cat.  The  black  dots  represent  the  absorption 
of  light  by  visual  purple.  U,  Experimentally  obtained  curve  from  which  curve  P  (in 
proper  magnitude,  p)  is  substracted  to  give  the  sensitivity  curve  of  specific  color  receptors. 
From  Granit." 


ferential  sensitivity  of  the  individual  receptors.  The  theory  was  expanded  by 
Helmholz  in  1852  and  finally,  after  the  publication  of  more  than  1200  papers 
by  many  investigators  during  a  period  of  almost  a  century  and  a  half,  the 
supporting  experimental  data  were  supplied  for  an  invertebrate  eye  by 
Graham  and  Harthne^**  and  for  the  vertebrate  eye  by  Granit.^'' 
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Granit  used  the  technique  of  placing  microelectrodes  on  single  tertiary 
neurones  of  the  retina  before  they  enter  the  optic  nerve  (Fig.  141).  Then  he 
stimulated  the  area  of  sense  cells  connected  to  this  fiber  with  light  of  known 
wave  length  and  intensity  and  varied  the  intensity  at  each  wave  length  until 
he  determined  the  threshold  of  the  fiber  for  that  particular  wave  length.  In 
this  manner  he  was  able  to  obtain  sensitivity  curves  for  individual  visual 
units.  Each  unit  consisted  of  the  tertiary  fiber  and  all  sense  cells  and  secon- 
dary neurones  from  which  it  received  impulses.  It  was  found  that  the  units 
were  not  all  the  same.  Some  gave  both  the  normal  scotopic  (dark-adapted) 
and  photopic  (light-adapted)  sensitivity  curves  as  the  state  of  adaptation  was 
appropriately  changed,  and  this  indicated  that  the  same  tertiary  fiber  received 
impulses  from  both  rods  and  cones.  Other  tertiary  fibers  apparently  received 
impulses  only  from  cones.  The  sensitivity  curves  from  exclusively  cone  units 
also  seemed  to  be  of  several  types,  some  with  a  narrow  range  and  a  peak  in 
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Fig.  142.  An  explanation  of  color  vision  and  color  blindness  based  on  the  findings  of 
Granit  and  his  collaborators  and  on  the  histology  of  the  retina.  Ei,  Ea,  Ea,  Et,  recording 
electrode  positions;  B,  blue-sensitive  cones;  G,  green-sensitive  cones;  Y,  yellow-sensitive 
cones;  R,  red-sensitive  cones.   From  Jahn."* 

the  blue,  others  with  a  narrow  range  and  a  peak  in  the  green,  yellow  or  red 
and  still  others  with  a  wide  range  and  a  peak  which  coincided  with  the  nor- 
mal photopic  visibility  curve. 

The  above  typesi  of  data  can  be  explained  by  assuming  that  there  are 
cones  with  narrow  sensitivity  curves  with  peaks  in  the  red,  yellow,  green, 
and  blue,  and  that  these  are  connected  both  singly  and  in  combination  to 
tertiary  neurones,  as  demonstrated  morphologically  by  Polyak.^-"  The  con- 
nections are  shown  diagrammatically  in  Figure  142.  The  fiber  designated  as  1 
is  connected  to  numerous  rods  and  numerous  cones;  this  fiber  has  two  sen- 
sitivity curves,  one  the  normal  photopic  and  one  the  normal  scotopic,  de- 
pending on  the  state  of  adaptation.    It  is  called  a  "dominator"  and  is  re- 
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sponsible  for  the  sensation  of  brightness  but  is  not  responsible  for  color  dis- 
crimination. The  fibers  designated  as  2  and  3  carry  impulses  from  single  cones 
which  have  different  spectral  sensitivity  curves  with  peaks  in  the  blue,  green, 
yellow,  or  red  (B,  G,  Y,  R).  These  are  responsible  for  the  abilitv  to  discrim- 
inate between  wave  lengths  and  are  called  "modulators."  The  theory  as  out- 
lined here  is  called  the  "dominator-modulator"  theory  of  color  vision."'  "^  The 
electrical  evidence  obtained  by  Granit  was  recorded  with  electrodes  at  posi- 
tions designated  as  Ei  to  E4. 

A  composite  theoretical  curve  of  the  tertiary  neurones  of  the  human  retina, 
adjusted  to  fit  the  data  on  perception,  is  shown  in  Figure  143.  For  various 
reasons  it  seems  better  to  assume  four  rather  than  three  tvpes  of  modulators. 
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Fig.  l43.  Synthesis  of  the  human  photopic  luminosity  curve,  D,  after  Coblentz  and 
Emerson  (1917).  B,  G,  and  R  represent  blue,  green,  and  red  fundamental  sensation 
curves.   The  R  curve  is  composed  of  two  modulator  curves,  My  and  Mr.    From  Granit." 

Four  have  been  well  demonstrated  for  the  frog  and  three  for  the  cat,  and 
even  more  may  be  present.  However,  four  will  explain  most  of  the  data  on 
human  color  vision  and  color  blindness.  For  instance,  if,  in  Figure  142,  the 
red-  and  green-sensitive  modulators  are  absent  or  non-functional,  the  person 
would  be  unable  to  distinguish  red  from  green,  both  of  which  would  appear 
gray,  but  the  visibility  spectrum  determined  by  the  dominator  would  be 
normal;  this  is  the  condition  in  deuteranopia.  Furthermore,  if,  in  addition, 
all  of  the  red-sensitive  cones  were  non-functional,  the  visible  spectrum  would 
be  shortened;  this  is  the  condition  in  protanopia.  Tritanopia  is  subject  to  a 
comparable  explanation. 

SUMMARY 

Light  (visible  and  ultraviolet)  is  an  important  quality  of  the  environment 
which  permits  animals  to  locate  food,  to  escape  from  predators,  and  to  make 
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numerous  behavioral  adjustments.    Light  in  excess  is  damaging,  and  many 
animals  are  protected  by  pigments  in  outer  body  layers. 

In  order  that  light  energy  be  effective  biologically  it  must  be  absorbed  and 
a  photochemical  reaction  occur.  Light-absorbing  compounds  of  many  types 
have  evolved— chlorophylls  in  plant  chloroplasts,  melanins  and  others  in 
chroma tophores--but  carotenoids  seem  to  be  universal  in  photoreceptors  which 
initiate  behavorial  responses.  From  a  kinetic  analysis  of  behavior  in  molluscs, 
from  analysis  of  pigment  extracted  from  retinas  of  vertebrates  and  cephalopods, 
from  action  spectra  of  various  visual  functions  in  molluscs,  arthropods,  and 
vertebrates,  it  appears  that  the  carotenoid  rhodopsin,  or  compounds  very 
similar  to  it,  is  the  most  widespread  and  perhaps  the  most  primitive  animal 
photoreceptor  carotenoid.  Fresh-water  fish  have  used  a  different  substance, 
porphyropsin,  but  reversion  to  rhodopsin  occurred  on  migration  to  sea  and 
to  land.  The  photosensitive  pigment  is  broken  down  under  the  influence  of 
light  according  to  a  first  order  reaction  and  then  is  reformed  from  intermediates 
from  several  sources  by  more  complex  reactions. 

The  photochemical  breakdown  is  followed  by  a  series  of  events  which  lead 
ultimately  to  the  reaction  of  the  organism.  One  such  event  is  the  retinal 
potential  which,  in  simple  eyes  at  least,  represents  electrical  activity  of  the 
sensory  cells.  Next  appear  impulses  in  the  optic  nerve;  these  may  build  up 
gradually,  may  start  at  a  high  frequency  and  then  decline,  may  show  various 
patterns  depending  on  the  synaptic  organization  of  the  retina.  The  events  con- 
necting photochemical  breakdown  with  retinal  potential  and  this  potential  with 
initiation  of  nerve  impulses  are  uncertain.  The  excitatory  signal,  whether  it  be 
transmitted  in  a  nerve  or  from  one  part  of  a  cell  to  another  as  in  a  flagellate, 
elicits  a  response  which  depends  in  part  on  the  complexity  of  integrative  and 
motor  organization. 

The  nature  of  the  behavioral  response  is  also  influenced  by  the  photo- 
receptor, whether  it  forms  pattern  images  or  merely  signals  light,  whether  it 
permits  fine  resolution  of  objects  in  a  pattern,  and  its  manner  of  response  to 
flicker.  To  make  maximum  use  of  stimulating  light  a  variety  of  mechanisms 
have  evolved  which  function  in  focusing,  in  varying  the  range  of  accom- 
modation, in  regulating  the  sensitivity  of  the  sense  cells  and  the  amount  of 
light  reaching  them  in  different  states  of  light  and  dark  adaptation.  Some 
animals  merely  show  increased  activity  on  illumination,  others  orient  toward 
or  away  from  a  light  by  indirect  or  direct  paths  and  the  orientation  may  vary 
according  to  the  physiological  state  of  the  organism.  Some  animals  go  between 
two  sources  of  light,  others  go  directly  to  one  of  two  sources.  In  more  complex 
behavior  the  resix)nse  is  influenced  by  past  experiences,  competing  stimuli,  and 
other  factors,  but  even  here  are  direct  responses  as  in  pupillary  constriction 
and  some  eye  movements  of  mammals.  The  underlying  principle  in  photo- 
reception  is  the  quantitative  relation  between  photochemical  breakdown, 
action  potentials,  and  behavior,  even  though  the  type  of  behavior  may  vary 
with  type  of  eye  and  motor  organization. 
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CHAPTER  12 


Chemoreceotion 


INTRODUCTION 

ANY  ORGANISMS  Utilize  sensitivity  to  the  chemical  consti- 
tuents of  the  environment  in  the  detection  of  food, 
initiating  the  necessary  orientation  to  food,  and  in  regu- 
lating the  feeding  habits  and  the  ingestion  of  foods,  and  in  the  avoidance  of 
chemically  unfavorable  environments.  Among  insects  and  some  other  animal 
groups  chemoreception  plays  an  important  part  in  reproductive  behavior,  i.e., 
attraction  of  male  to  female,  and  in  regulating  deposition  of  the  fertilized  eggs, 
Chemoreception  is,  therefore,  an  important  adjunct  to  the  other  sensory  activi- 
ties of  organisms,  all  of  which  are  essential  for  survival  and  propagation  of 
the  species. 

The  sense  organs  responsible  for  chemoreception  have  not  been  completely 
identified,  but  all  the  evidence  seems  to  indicate  three  types  which  differ  in 
sensitivity  as  well  as  in  the  role  they  play  in  animal  orientation.  The  proto- 
zoans and  sponges  exhibit  no  specific  chemoreceptors  and  it  is  generally  agreed 
that,  in  these  phyla,  chemosensitivity  is  a  consequence  of  the  general  property 
of  irritability  inherent  in  living  matter.  This  general  chemical  sensitivity 
has  been  retained  by  the  higher  metazoans,  including  the  vertebrates,  al- 
though among  the  latter  Parker^^  has  suggested  that  specific  receptors,  free 
nerve  endings  in  the  skin  or  mucous  membranes,  are  involved  in  general 
chemical  sensitivity.'-  The  outstanding  characteristics  of  this  general  chemi- 
cal sense  are  its  low  order  of  sensitivity  and  the  negative  avoiding  reaction 
which  is  typically  elicited. 

In  free  living  planaria,  in  insects,  and  in  the  vertebrates,  there  is  excellent 
evidence  for  the  existente  of  specialized  chemoreceptors  whose  sensitivity  is 
greater  and  whose  role  in  organismic  orientation  differs  from  that  of  the  gen- 
eral chemical  sense.  Koehler"*"  has  published  evidence  indicating  the  exist- 
ence of  chemoreceptors  located  in  the  region  of  the  auricular  organs  at  the 
sides  of  the  head  of  Planaria  luguhris  which  serve  to  detect  food  quite  remote 
from  the  organism,  and  of  chemoreceptors  located  in  the  central  anterior  re- 
gion of  the  head  which  function  in  feeding  when  the  organism  has  reached 
the  food.  Chemoreceptors  similar  in  function  to  those  of  the  planarian  have 
been  described  and  in  part  identified  for  the  insects  and  for  vertebrates,  and 
it  is  generally  agreed  that  these  chemoreceptors  fall  into  two  sensitivity  groups: 
those  receptors  which  orient  the  animal  to  food  at  a  distance  being  the  most 
sensitive,  and  those  which  initiate  and  regulate  feeding  in  the  proximity  of 
food  being  less  sensitive.  Even  the  latter  sense  organs,  however,  are  much 
more  acute  than  those  mediating  the  general  chemical  sense. 

The  classification  of  chemoreceptors  into  three  groups,  which  is  necessary 
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for  clarity  of  discussion,  poses  the  problem  of  names.  In  man  chemorecep- 
tors  are  classified  as  olfactory  sense  organs,  gustatory  or  taste  sense  organs, 
and  the  general  chemical  sense  organs,  in  the  order  of  their  decreasing  sensi- 
tivity. The  application  of  this  terminology  to  the  chemoreceptors  of  other 
organisms  not  only  has  an  anthropomorphic  flavor  but  also  leads  to  certain 
genuine  difficulties.  For  instance,  in  man  olfactory  sense  organs  are  com- 
monly stimulated  by  air-borne  substances,  and  taste  receptors  are  commonly 
stimulated  by  substances  in  solution,  whereas  in  aquatic  organisms  both  types 
of  receptors  are  stimulated  by  substances  in  solution.  One  may  well  ask  if 
aquatic  organisms  can  smell.  Olfactory  sense  organs  have  also  been  referred 
to  as  distance  receptors,  as  opposed  to  taste  receptors,  which  are  stimulated 
by  contact.  Yet  the  superficial  taste  buds  of  fishes  may  be  stimulated  by  food 
held  near  the  flank  of  the  animal.  Taste  receptors,  by  connotation,  are  asso- 
ciated with  feeding  responses,  but  among  the  insects  there  exist  chemorecep- 
tors of  equivalent  sensitivity  which  function  in  oviposition.  Dethier  and 
Chadwick-*'  have  partially  resolved  the  difficulty  by  calling  this  group  (taste 
and  ovipositor  receptors)  contact  chemoreceptors.  This  name,  however,  im- 
plies the  essential  condition  of  contact  for  this  group  of  chemoreceptors  only, 
which  is  certainly  not  the  case.  The  sensory  end-organs  mediating  the  gen- 
eral chemical  sense  are  also  contact  chemoreceptors,  and,  indeed,  even  the 
olfactory  sense  organs  are  stimulated  only  by  eventual  contact  of  the  stimu- 
lating agent  with  the  sense  cell. 

In  view  of  the  fact  that  new  names  often  serve  to  increase  rather  than  to 
dissipate  confusion,  the  human  terminology  will  be  adhered  to  in  the  follow- 
ing discussion,  despite  the  above  difficulties.  The  terms  olfactory,  gustatory, 
and  general  chemical  sense  should,  however,  imply  chemoreceptors  of  particu- 
lar sensitivities  rather  than  the  particular  sensations  associated  with  these 
names.  '• 

CHEMORECEPTION  AND  BEHAVIOR 

Chemoreception  in  the  Lower  Invertebrates.  Protozoa  are  known  to  react 
positively  to  certain  chemicals,  negatively  to  others,  and  not  to  react  to  still 
others.  For  example,  various  solutions  applied  by  means  of  a  capillary  pipette 
to  a  small  portion  of  the  surface  of  Am,oeha  proteus  produce  pronounced 
changes.  Weak  alkali  causes  the  formation  of  a  protuberance  which  develops 
into  a  normal  pseudopod  and  results  in  locomotion  toward  the  alkali.  Weak 
acid  or  weak  sodium  chloride  solution  causes  the  formation  of  the  protuber- 
ance, but  not  of  a  pseudopod.  Stronger  acid  or  salt  solution  may  cause  pseu- 
dopods  to  form  on  the  side  opposite  the  point  of  application. 

In  Paramecium  the  cilia  may  be  reversed  by  the  presence  of  certain  chemi- 
cals in  apparently  the  same  manner  that  they  are  reversed  by  contact  or  by 
rapid  changes  in  temperature  or  in  osmotic  pressure,  and  reversal  is  usually 
followed  by  turning  toward  the  aboral  surface  and  then  by  forward  move- 
ment in  a  different  direction.  It  is  the  first  stage  of  the  avoiding  reaction. 
This  results  in  aggregation  in  a  slightly  acid  region  if  surrounding  regions  are 
slightly  alkaline.  Similar  effects  probably  occur  in  response  to  changes  in 
gas  concentration  and  may  account  for  many  of  the  aggregations  which  are 
often  observed  when  Protozoa  are  studied  on  a  slide  under  a  cover  slip.  The 
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flagellates  Bodo  and  Chilomonas,  and  many  small  ciliates,  for  instance,  often 
aggregate  at  a  given  distance  from  the  edge  of  the  cover  slip.  Aggregation 
also  occurs  in  oxygen  gradients  produced  by  other  causes,  e.g.,  by  the  removal 
of  O2  from  the  environment. 

The  effectiveness  of  various  ions  on  ciliary  reversal  of  Paramecium  has  been 
studied  by  Mast  and  Nadler^-'  and  by  Oliphant.'***  Monovalent  cations  are 
effective  (K+>Li+ >Na+ >NH4+),  bivalent  cations  are  not  effective,  and 
anions  have  little  or  no  effect. 

Sponges  may  react  to  certain  irritant  substances  (strychnine,  cocaine,  ether, 
chloroform)  by  contraction  so  that  the  size  of  the  orifice,  and  consequently 
the  flow  of  chemical  through  to  the  animal,  is  reduced.  Since  there  are  no 
special  sense  cells  and  no  nerve  cells  it  seems  that  the  contractile  cells  must 
be  stimulated  directly. 

Coelenterates  are  quite  sensitive  to  meat  juices,  which,  if  added  to  the 
aquarium  water  containing  sea  anemones,  may  cause  a  great  expansion  and 
waving  about  of  the  tentacles.  If  meat  juice  is  placed  close  to  the  tentacles 
the  mouth  may  open.  Some  anemones,  at  least,  can  discriminate  between 
food  and  inert  bodies.  Filter  paper  if  soaked  in  meat  juice  may  be  accepted 
by  the  tentacles  and  then  rejected  either  before  or  after  ingestion.  However, 
a  hungry  anemone  may  swallow  even  stones.  Nevertheless,  there  is  excel- 
lent evidence  of  chemoreception  in  the  tentacles  of  most  or  all  anemones  and 
around  the  mouth  of  some,  but  this  sensitivity  is  not  present  in  the  remainder 
of  the  body.  Jellyfish  also  react  to  meat  juices.  It  has  also  been  noted''*^  that 
isolated  oral  arms  of  Aurelia  and  Cyanea  give  a  normal  grasping  reaction  to 
meat  juice  but  not  to  sugars,  starches,  and  glycogen. 

The  orientation  to  food  by  a  pond  planarian,  P.  In^tihris,  has  been  studied 
in  considerable  detail  by  Koehler.^"  The  food  is  placed  some  distance  from 
the  animal  and  the  initial  reaction  is  one  of  increased  random  motion  on  the 
part  of  the  animal,  called  orthokinesis  (see  Chapter  11,  pages  386-387).  The 
next  phase  of  the  reaction  consists  of  crawling  along  a  very  convoluted  path, 
the  turning  of  the  animal  occurring  sooner  if  it  moves  into  a  region  of  lower 
concentration  of  the  stimulating  agent  or  agents  than  if  it  moves  into  one  of 
higher  concentration.  This  type  of  activity,  bringing  the  animal  closer  to 
the  food  in  a  very  indirect  manner,  is  called  klinokinesis.  When  the  food  is 
a  short  distance  away,  i.e.,  8  cm.,  the  planarian  follows  a  path  which  leads 
straight  to  the  food  but  it  stops  frequently  and  waves  its  anterior  end  from 
side  to  side,  a  type  of  behavior  which  indicates  the  comparison  of  intensities 
of  stimulation  at  different  times,  called  klinotaxis.  When  the  animal  is  but 
several  centimeters  from  the  food,  the  path  may  be  direct  without  any  turn- 
ing of  the  anterior  end.  This  type  of  behavior  indicates  the  simultaneous 
comparison  of  intensities  and  is  called  tropotaxis.  The  olfactory  receptors 
are  concentrated  in  regions  at  the  sides  of  the  head,  in  the  auricular  organs, 
and  the  taste  receptors  are  located  in  the  center.  Chemoreceptors  are  also 
distributed  generally  over  the  external  surface  of  flatworms. 

Most  molluscs  apparently  locate  food  by  means  of  their  chemical  senses, 
and  terrestrial  snails  are  reported  to  ignore  food  if  they  are  separated  from  it 
by  glass.  The  location  of  specific  chemoreceptors  has  not  been  well  demon- 
strated in  most  molluscan  groups.     The  osphradia  of  most  marine  molluscs 
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are  probably  sensitive  to  both  chemicals  and  touch.  Taste  buds  are  described 
in  the  buccal  cavity  of  some  species,  and  ciliated  papillae  known  as  rhino- 
phores  and  regarded  as  olfactory  sense  organs  are  found  on  the  cephalic 
tentacles  of  many  land  snails.  The  cephalopods  have  chemoreceptors  in  pit- 
ted papillae  just  below  the  eye  on  each  side  of  the  head. 

Pecten  reacts  negatively  to  many  substances,  particularly  to  the  juice  of  its 
natural  enemy,  the  starfish.  Chiton  also  reacts  negatively  to  N/500  HCl, 
N/500  KOH,  N/160  KCl,  and  M/1500  picric  acid.  Octopus  also  is  sensi- 
tive to  weak  acid,  to  quinine,  and  especially  to  musk. 

Starfish  have  well  developed  chemoreceptors  which  are  sensitive  to  meat 
juices  and  odors.  A  hungry  starfish  can  be  led  about  the  floor  of  an  aquarium 
by  a  piece  of  meat  on  the  end  of  a  pair  of  forceps.  Asterias  will  carry  small 
uninjured  crabs  on  its  back  for  an  hour  or  more,  but  if  the  crab  is  crushed  so 
that  juices  escape,  the  tube  feet  reach  up  immediately  and  pull  the  crab 
toward  the  mouth.  Holothurians  are  sensitive  to  various  chemicals,  and  the 
order  of  decreasing  effectiveness  for  one  series  is  as  follows:  HCl,  atropine, 
acetic  acid,  KOH,  KCl,  maltose,  acetamid,  and  glycerin. 

Annelids  have  fairly  well  developed  chemical  senses,  and  there  also  seems 
to  be  some  differentiation  into  organs  of  taste  and  smell.  Darwin  demon- 
strated that  earthworms  could  distinguish  between  green  and  red  cabbage, 
onion  leaves  and  those  of  either  cabbage  or  horseradish,  celery  leaves  and 
those  of  cabbage  and  parsnip,  and  also  between  leaves  of  carrots  and  those 
of  celery.  These  experiments,  and  others,  seem  to  be  explicable  on  a  basis  of 
taste,  probably  localized  in  the  taste  sense  organs  of  the  buccal  wall  and 
pharynx.  Darwin  believed  that  selection  in  certain  instances  (as  between 
onions  and  cabbage)  might  have  been  aided  by  odors. 

There  are  also,  in  the  cuticle  of  the  body  wall  of  Lumhricus,  sense  organs 
which  are  very  similar  in  structure  to  vertebrate  taste  buds  and  which  seem 
to  serve  the  same  function.  The  earthworm  is  sensitive  to  quinine,  and  the 
distribution  of  susceptibility  in  various  parts  of  the  body  parallels  the  distri- 
bution of  the  sense  organs:  the  anterior  end  reacts  to  0.04  per  cent,  the  pos- 
terior end  to  0.03  per  cent,  and  the  region  just  behind  the  clitellum  to  0.2 
per  cent. 

The  oligochaete  Eisenia  reacts  to  acids  and  is  reported  to  be  able  to  dis- 
criminate between  H2SO4  and  either  HCl  or  HNO3.  In  contrast  to  the 
situation  in  human  taste,  in  Eisenia  the  cation  of  salts  seems  to  be  more  im- 
portant than  the  anion.  Eisenia  also  reacts  negatively  when  xylene,  turpen- 
tine, or  ether  is  held  near  the  anterior  end,  but  not  when  the  substance  is 
held  near  the  posterior  end.  Therefore,  it  seems  that  Eisenia  has  two  types 
of  chemosensitive  receptors. 

Chemoreception  in  the  Arthropods.  The  Insects.  Among  the  inverte- 
brate animals  chemoreceptors  have  achieved  a  great  degree  of  structural  and 
functional  differentiation  in  the  insects.  In  the  terrestrial  insects  and  those 
aquatic  species  which  are  occasionally  terrestrial,  there  is  good  evidence  for 
the  existence  of  two  types  of  chemoreceptors:  the  olfactory  receptors,  which 
react  to  very  low  concentrations  of  compounds  that  are  volatile  at  ordinary 
temperatures;  and  the  taste  receptors,  which  react  on  contact  with  liquids  or 
substances  in  solution  that  may  or  may  not  be  volatile  at  moderate  tempera- 
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tures.  In  the  aquatic  species  of  insects  the  subject  of  two  types  of  chemore- 
ceptors  is  controversial,  and  the  problem  is  well  reviewed  by  Dethier  and 
Chadwick.-*'  There  is  good  evidence  for  the  existence  in  insects  of  a  third 
type  of  chemoreceptor  which  is  excited  at  high  concentrations,  and  the  re- 
sulting response  is  usually  an  avoiding  reaction.  These  receptors  presumably 
mediate  the  general  chemical  sense  previously  mentioned  (page  447). 
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Fig.    144.     Diagram   of   a    sensillum    placodeum   of   the   bee,    vertical    section. 

From   Snodgrass. '" 


Fig.  145.  A,  The  erected  antennae  of  a  fly  during  flight,  exposing  olfactory  pits  to  the 
air  stream.  B,  Diagram  of  an  olfactory  pit  showing  the  rod-Uke  endings  of  the  sense  cells. 
(After  Lieberman^"  from  Wigglesworth,""). 


STRUCTURE.  Functionally,  the  chemoreceptors  of  the  insects  tend  to  simu- 
late the  chemoreceptors  of  the  vertebrates,  but  structurally  they  are  much 
more  complex.  Olfaction  among  insects  is  mediated  by  three  types  of  sense 
organs:  pore  plates  (sensilla  placodea),  thin-walled  pegs  or  cones  (sensilla 
basiconica),  and  thin-walled  pegs  or  cones  sunken  in  pits  (sensilla  coeloco- 
nica),  illustrated  in  Figures  144  and  145.     These  olfactory  receptors  all  pos- 
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sess  a  covering  of  cuticle  which  is  partially  or  completely  thin-walled;  they 
are  innervated  by  a  group  of  bipolar  sense  cells;  and  each  possesses  minute 
refrigerant  bodies,  situated  on  the  distal  process  of  the  neurones  (Fig.  145). 
The  olfactory  chemoreceptors  are  commonly  found  on  the  antennae,  but  they 
also  occur  on  the  maxillary  and  labial  palps  or  their  homologues.  The  recep- 
tors on  the  antennae  are  generally  conceded  to  be  most  sensitive,  whereas 
those  on  the  palps  are  used  for  the  detection  of  strong  odors.-*'  The  morpho- 
logical nature  of  the  chemoreceptors  which  normally  function  in  feeding  and 
oviposition  among  the  insects  is  uncertain,  and  the  pertinent  data  are  reviewed 
by  Dethier  and  Chadwick.-**  Data  advanced  by  Frings  and  O'Neal''"  indi- 
cate that  chemoreception  in  the  labella  and  the  legs  of  the  horsefly,  Tahanus, 
is  mediated  by  the  medium-sized  thin-walled  hairs  or  by  undiscovered  sense 
organs  in  the  integument  beneath  these  hairs.  Dethier^^  has  advanced  evi- 
dence that  long  and  short  thin-walled  spines  located  on  the  surface  of  the 
pre-oral  cavity  of  lepidopteran  larvae  may  function  in  contact  chemoreception. 
Sense  organs  functioning  in  contact  chemoreception  have  been  demonstrated 
on  the  antennae  of  bees  and  ants,  the  mouthparts  or  adjacent  surfaces  of 
many  species,  the  distal  segments  of  the  legs  of  bees,  flies,  and  adult  Lepi- 
doptera,  and  the  ovipositor  of  ichneumonids  and  braconids,  and  of  Gryllus.-^ 
Regarding  the  sense  organs  which  mediate  the  common  chemical  sense,  nei- 
ther their  structure  nor  their  distribution  is  known. 

BEHAVIOR.  The  role  played  by  the  chemoreceptors  in  the  behavior  of  in- 
sects is  in  itself  a  fascinating  story,  which  is  here  only  touched  upon.  Natu- 
rally occurring  odors  assist  certain  insects  in  recognizing  and  locating  their 
mates,  in  finding  the  proper  oviposition  site,  in  recognizing  their  fellows,  and 
in  finding  food.  The  fabulous  story  of  the  ability  of  certain  moths  (e.g.,  the 
gypsy  moth  and  others)  to  attract  the  males  of  the  species  from  distances 
greater  than  two  miles  by  virtue  of  the  liberation  of  an  attractive  odor  from 
the  scent  organs  is  widely  known.  That  it  is  an  odor  which  attracts  the 
males  is  attested  by  the  fact  that  males  deprived  of  their  antennae  do  not 
orient  to  freshly  pupated  females,  and  by  the  fact  that  males,  in  the  absence 
of  the  female,  will  attempt  copulation  with  the  excised  scent  gland,  with  a 
piece  of  blotting  paper  previously  touched  to  the  scent  gland,  or  even  with  a 
male  which  recently  copulated  and  retained  some  of  the  female  sex  scent. 
That  these  odors  can  orient  males  over  siich  great  distances  staggers  the 
imagination.  Methyl  eugenol  is  used  to  collect  male  oriental  fruit  flies 
from  at  least  a  quarter  mile  radius.  The  effect  of  odors  in  attracting  gravid 
females  to  optimal  oviposition  sites  has  been  shown  for  the  parasitic 
Mymcnoptcra,  a  variety  of  Diptera,  and  the  phytophagous  insects.  Not  only 
do  odors  attract  the  females  but  often  they  actually  induce  oviposition.  The 
parasitic  Hymenoptera  are  particularly  outstanding  in  the  ease  with  which 
they  locate  larval  hosts  buried  sev.  ral  centimeters  in  wood.  The  female  phy- 
tophagous insects  in  general  are  oriented  to  lay  their  eggs  on  those  plants  which 
will  serve  as  food  for  their  larvae.  The  role  of  odors  in  the  recognition  of  nest 
mates  has  been  demonstrated.  Ants  which  have  been  washed  with  water  or 
smeared  with  body  juices  of  other  ants  are  treated  as  intruders,  and  ants  which 
have  been  deprived  of  their  antennae  show  little  tendency  to  fight  ants  of  other 
genera.   Social  insects  like  bees  live  in  a  world  of  odors;  they  distinguish  not 
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only  individual  odors  but  also  caste  odor,  hive  odor,  sting  odor,  and  wax  odor."** 
The  most  elemental  and  important  chemical  attractants  are  those  which  orient 
insects  to  foods.  These  attractants  are,  for  the  most  part,  odors.  Often  these 
odors  are  only  sign  posts  indicating  the  presence  of  foods  which  do  not  con- 
tribute to  the  odor.  Thus  the  beetle,  Creophilus,  orients  to  odors  of  decay- 
ing meat  only  to  feed  on  the  fly  maggots  developing  there;  most  caterpillars 
are  oriented  to  their  food  plants  by  the  odors  of  essential  oils,  yet  they  de- 
rive no  nutritional  benefit  from  these  oils.  Once  insects  are  oriented  in  the 
vicinity  of  food,  other  appropriate  stimuli  may  be  necessary  to  initiate  feeding 
and  for  the  continuation  of  feeding.  Thus,  wireworms  aggregated  in  the 
vicinity  of  food  fail  to  initiate  eating,  and  larvae  of  Anosia  plexip^is,  the  milk 
weed  feeder,  will  orient  to  strange  leaves  coated  with  milk  weed  latex  but 
will  spit  out  the  first  mouthful  and  will  starve  rather  than  eat  the  strange 
food.i« 

Many  insects  possess  a  high  degree  of  sensitivity  to  water  vapor,  and  their 
behavior  is  affected  by  relative  humidity  (Ch.  2).  In  many  respects  this 
response  to  water  vapor  resembles  that  to  olfactory  stimulation.  The  sense 
organs  necessary  for  orientation  to  water  vapor  are  the  pegs  and  pits  located 
on  the  antennae.-"  The  acuity  of  this  sense  is  surprising:  the  mosquito  Cidex 
fatigans  can  distinguish  differences  of  1  per  cent  relative  humidity  near 
saturation,  and  wireworms  can  distinguish  between  100  and  95.5  per  cent 
relative  humidity.  The  response  of  organisms  to  water  vapor  is  not  always 
constant  and  may  vary  with  the  water  balance  of  the  animal. 

Other  Arthropods.  Crustacea  possess  a  definite  chemical  sense  which  in 
decapods  seems  to  be  largely  localized  in  the  mouth  appendages  and  the  an- 
tennules.  The  external  ramus  of  the  antennules  is  well  supplied  with  basi- 
conical  hair  organs  variously  known  as  aesthetascs,  olfactory  clubs  or  tubes, 
and  tubules  of  Leydig.  Other  parts  of  the  body  are  also  chemoreceptive, 
even  the  hard  carapace,  which  is  supplied  with  numerous  pores,  at  the  base 
of  which  are  sensory  cells. 

Lhmdiis  apparently  has  contact  chemoreceptors  in  the  mandibles  and 
chelae,  and  distance  chemoreceptors  in  a  wartlike  bud  anterior  to  the  mouth. 

There  is  a  considerable  amount  of  controversial  literature  concerning  the 
regional  distribution  of  chemoreceptors  in  spiders.  fH^owever,  evidence  indi- 
cates that  they  are  widely  distributed  over  the  body,  especially  in  the  palps, 
the  first  two  pairs  of  legs,  and  possibly  in  the  mouthparts. 

Chemoreception  in  the  Vertebrates.  A  high  degree  of  structural  and  func- 
tional specialization  of  cell  groups  to  mediate  the  senses  of  olfaction,  taste, 
and  the  common  chemical  sense  has  been  achieved  by  many  vertebrates.  In 
all  vertebrates,  with  the  possible  exception  of  the  reptiles,  birds,  and  man, 
olfaction  and  taste  are  probably  necessary  for  survival.  The  common  chemi- 
cal sense  probably  serves  organisms  in  a  manner  analogous  to  the  pain  sense, 
and  therefore  has  survival  value. 

STRUCTURE.  The  morphology  of  chemoreceptors  is  much  less  diversified 
in  vertebrates  than  in  the  insects,  and  the  sense  organs  have  been  studied  in 
detail  in  many  organisms.  The  sense  cells  which  mediate  olfaction  in  man 
are  neurones  located  in  the  upper  part  of  the  nasal  ca\ity.  The  olfactory  end- 
organs  cover  a  small  area  (2.5  square  centimeters  for  each  nostril  of  man) 
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in  the  superior  part  of  the  nasal  cavity.  In  deer  the  area  is  much  greater. 
During  normal  respiration  of  man  most  of  the  air  does  not  pass  directly  over 
the  olfactory  organ,  but  this  is  supplied  with  air  (and  odors)  primarily  by 
eddy  currents  (Fig.  146).  The  secluded  position  of  the  olfactory  epithelium 
seems  to  be  important  in  preventing  desiccation  of  the  protoplasmic  processes 
of  the  olfactory  cells.  Hou'cver,  in  sniffing,  the  volume  of  air  passing  the 
olfactory  organ  is  greatly  increased.  In  dogs  more  of  the  air  passes  directly 
over  the  olfactory  epithelium.  Jacobson's  organ  or  the  naso-vomerine  organ, 
located  in  the  nasal  septum,  is  well  developed  in  some  fishes  and  reptiles  and 
is  believed  to  function  as  an  accessory  olfactory  organ. 

Histologically,  the  olfactory  epithelium  (Fig.  147)  consists  of  the  olfac- 
tory receptors  (primary  neurones)  embedded  in  columnar  epithelial  cells, 
some  of  which  contain  a  yellowish-brown  pigment  and  give   the  organ  a 


Fig.  146.  Diagram  of  the  right  nasal  cavity  of  man,  showing  the  direction  of  air 
flow.  Eddy  currents  around  the  superior  concha  are  created  by  sniffing  and  bring  the 
inspired  air  into  contact  with   the  olfactory   epithelium.    After   Evans"'   from    Fulton." 

yellowish  appearance  macroscopically.  The  primary  neurones  are  bijx)lar, 
with  the  dendrite  forming  the  receptor  proper  and  the  cell  body  performing 
the  function  of  "ganglion  cells"  in  supplying  the  fibers  (unmyelinated)  of 
the  olfactory  nerve.  1  he  olfactory  epithelium  also  contains  free  nerve  end- 
ings of  the  trigeminal  ner\'e  which  function  as  part  of  the  common  chemical 
sense  receptor.  The  olfactory  organ  is  the  simplest  sense  organ  of  the  body 
and  is  also  very  sensitive.  Stimulation  probably  occurs  through  the  hairlike 
processes,  and  the  sense  cell,  serving  as  both  receptor  and  conductor,  trans- 
mits this  to  the  brain.  Compared  with  the  eye  and  ear,  the  olfactory  organ 
is  extremely  simple. 

Tbe  sense  of  taste,  or  gustation,  is  mediated  by  sense  organs  located  in  the 
moutb,  ahhough  in  Hshes  they  are  frequently  found  outside  of  the  mouth 
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proper.  In  adult  man  the  gustatory  cells  arc  limited  to  the  sides  and  top 
of  the  tongue  and  to  the  epiglottis;  in  children  they  arc  also  present  in  the 
cheeks.  The  tongue  of  man  has  four  types  of  papillae:  (1)  Filiform  papillae, 
which  are  conical  projections  co\'ering  the  whole  upper  surface  and  tip  and 
borders  of  the  tongue.  These  are  not  concerned  in  taste  but  are  more  highly 
developed  in  cats,  in  which  they  are  used  as  a  rasp  for  cleaning  meat  from 
bones.     (2)  Fungiform  papillae,  which  resemble  button  mushrooms  in  shape, 


A 


Fig.  147.  A,  Diagram  of  a  firimitive  sensory  neurone.  B,  Typical  vertebrate  sensory 
neurone.  The  human  olfactory  neurones  possess  a  peripheral  cell  body  and  resemble 
the  type  shown  in  A.  Human  taste  neurones  possess  a  centrally  located  cell  body  and 
resemble  the  type  shown  in  B.  After  Cajar  from  Fulton.'"' 

are  less  numerous  and  are  scattered  ox'cr  the  front,  upper  surface.  These 
usually  contain  taste  buds.  (3)  Circumvallate  papillae,  which  are  seven  to 
ten  in  number  in  man,  are  larger  than  the  two  previously  mentioned,  and 
lie  toward  the  back  of  the  upper  surface.  Each  papilla  is  a  flat  mound  sur- 
rounded by  a  groove  forming  a  moat,  both  sides  of  which  contain  taste  buds. 
(4)  Foliate  papillae,  xestigial  in  man,  which  form  vertical  ridges  at  the  edge  of 
the  back  of  the  tongue.  Each  taste  bud  consists  of  a  group  of  a  dozen  or  more 
elongated  cells,  some  of  which  have  minute  hairlike  processes.  The  taste 
buds  are  embedded  in  the  sides  of  the  papillae,  where  they  are  sunk  slightly 
below  the  surface,  and  the  opening  of  the  small  cavity  which  is  thereby 
formed  is  known  as  the  gustatory  pore.  The  hairlike  processes  of  the  sense 
cells  project  through  the  pore  into  the  cavity  between  the  papillae. 
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The  general  chemical  sense  in  vertebrates  is  obviously  a  development  of 
general  irritability  oF  all  mucous  membranes  in  man  and  of  the  entire  external 
surface  in  aquatic  animals.    The  receptors  are  probably  free  nerve  endings. 

BEHAVIOR.  In  fishes  olfaction  is  confined  to  the  olfactory  pits  (only  one 
in  the  cyclostomes— monorhines),  w/hich  in  some  fishes,  e.g.,  the  hammerhead 
shark,  are  widely  separated.  In  sharks,  rays,  and  dipnoans  the  nasal  openings 
are  on  the  ventral  side  of  the  head,  and  in  some  cases  the  nasal  pits  also  have 
an  opening  into  the  mouth.  The  teleosts  have  dorsally  located  nasal  pits 
which  do  not  open  into  the  mouth,  i.e.,  the  water  current  is  into  the  pit  and 
then  back  out  (Fig.  148).  The  taste  organs  of  fish  are  widely  distributed. 
They  occur  in  the  palatal  organ  of  the  mouth,  the  soft  palate;  in  a  ring 
around  the  opening  of  the  pneumatic  duct  (in  some  fishes)  which  leads  to 
the  swim  bladder;  on  the  barbels;  over  the  entire  surface  of  the  body;  and  on 
the  pectoral  and  dorsal  fins.-"'     Fishes  locate  food  by  means  of  gustatory 
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Fig.  148.   A,  The  head  of  a  bony  fish,  showing  the  nasal  pit.    B,  Longitudinal  section 
through    the    nasal    pit,    with    arrows    indicating    the    direction    of    water    flow. 


and/or  olfactory  sense  organs,  and  it  is  claimed  that  some  fishes,  if  deprived 
of  their  sense  of  taste,  would  starve  to  death  in  the  presence  of  food.  Cat- 
fishes  will  snap  at  food  or  cotton  soaked  in  meat  juice  held  at  their  flank,  but 
will  not  do  so  if  the  nerve  supplying  the  taste  buds  on  the  Hanks  is  cut. 

The  amphibia  have  taste  buds  in  the  mouth  and  olfactory  organs  in  the 
nasal  chambers  which  open  both  externally  and  into  the  mouth.  The  senses 
of  taste  and  smell  seem  to  be  at  about  the  same  stage  of  development  in 
amphibia  as  in  fishes,  but  they  are  not  nearly  so  important  in  feeding  in  am- 
phibia as  they  are  in  fishes.  The  entire  body  surface,  as  in  fishes,  seems  to 
be  quite  sensitive  to  irritants,  as  seems  to  be  true  of  all  aquatic  animals. 
Among  reptiles  the  sense  of  smell  is  not  well  developed,  and  the  sense  of 
taste  seems  to  be  more  highly  developed  in  turtles  than  in  snakes  and  alli- 
gators. 

Birds,  in  general,  have  relatively  poor  chemical  senses  and  depend  largely 
on  vision  for  knowledge  of  their  environment.     The  olfactory  apparatus  of 
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most  birds  is  similar  to  that  of  reptiles.  The  nostrils  are  narrow,  horn  encased, 
and  dry.  The  tongue  papillae  contain  taste-sensitive  nerve  endings,  but  they 
are  not  well  developed.  1  he  presence  of  asafoetida,  anise,  oil  of  lavender,  or 
prussic  acid  has  no  effect  on  the  selection  of  food  by  turkeys.  Neither  do  bit- 
ter and  sweet  substances  affect  selection  of  food  among  herring  gulls.  Ca- 
naries do  not  object  to  bitter  aloes,  but  they  do  prefer  sugar  solution  to  plain 
water  and  refuse  salt  or  sour  solutions  at  concentrations  above  the  human 
threshold. 

Among  mammals  the  sense  of  taste  seems  to  be  well  developed,  but  there 
is  little  definite  information  available.  Mice  apparently  can  taste  saccharin, 
quinine,  salt,  and  acid,  and,  as  far  as  the  evidence  indicates,  seem  to  have 
about  the  same  preferences  as  man,  i.e.,  they  react  most  positively  to  sweet 
and  most  negatively  to  bitter.  Olfaction  among  lower  mammals  has  been 
studied  extensively  only  in  rodents  and  dogs.  Rats  and  other  rodents  either 
have  a  very  poor  sense  of  smell  or  else  they  learn  with  great  diflficulty  when 
olfactory  cues  are  used  in  training.  All  evidence  indicates  that  their  olfactory 
acuity  is  far  below  that  of  man. 

In  dogs,  however,  there  is  a  vast  amount  of  excellent  evidence  of  an  olfac- 
tory sense  far  superior  to  man's.  Dogs  are  capable  of  following  human  and 
other  animal  trails  and  of  selecting  objects  which  have  been  handled  by  their 
master.  Dogs  can  also  be  trained  to  detect  underground  fungi  (e.g.,  truffles) 
with  great  accuracy.  In  trailing  there  are  several  possible  types  of  olfactory 
cues.  These  are:  (1)  earth  odor  from  the  compression  and  consequent 
stronger  vaporization;  (2)  plant  odor  from  destroyed  vegetation;  (3)  odor 
traces  from  shoes  and  shoe  polish;  (4)  odor  traces  from  decaying  animal  or 
other  organic  matter;  and  (5)  body  odor  of  a  specific  individual. 

THE  PHYSIOLOGY  OF  CHEMORECEPTION 

Sensitivity  of  Chemoreceptors.  Olfactory  and  gustatory  chemoreceptors 
and  those  mediating  the  common  chemical  sense  can  be  differentiated  on  the 
basis  of  their  sensitivity.  Parker  and  Stabler^"  have  demonstrated  that  in 
man  the  threshold  concentrations  of  ethanol  required  for  stimulation  of  the 
olfactory,  gustatory,  and  common  chemical  sense-organs  are  0.000125  M,  3  M 
and  5  to  10  M.  Comparable  values  have  been  determined  as  rejection  thres- 
holds in  two  species  of  flies.  As  a  gas  ethanol  is  rejected  by  the  housefly  at 
0.005  M  and,  in  solution  with  0.1  M  sucrose  in  contact  with  the  tarsal  recep- 
tors of  blowflies,  it  is  rejected  at  3.2  M  concentration.-"  These  results  indi- 
cate that  comparison  of  the  stimulating  effectiveness  of  the  same  compound 
on  the  three  types  of  chemoreceptors  of  the  same  or  closely  related  species 
permits  a  convenient  classification.  However,  on  examination  of  the  rela- 
tive sensitivities  of  taste  and  smell,  when  the  thresholds  for  the  most  familiar 
smell  and  taste  substances  are  compared  and  expressed  in  terms  of  molecules 
per  cubic  millimeter,  a  continuous  spectrum  and  overlapping  stimulating  ef- 
fectiveness is  observed.''^^ 

Olfaction.  It  is  generally  recognized  that  the  sense  of  olfaction  is  much 
more  acute  than  the  sense  of  taste.  Man  can  detect  the  odor  of  methyl  mer- 
captan  at  an  approximate  concentration  of  9  X  10"^^  M.  One  milligram  of 
skatol,  to  which  man  is  even  more  sensitive,  would  make  a  hall,  500  meters 
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long,  100  meters  wide,  and  50  meters  high,  very  unpleasant.  It  is  estimated 
that  man,  with  one  sniff  of  air  containing  mercaptan  at  the  threshold  con- 
centration, would  draw  in  about  1  X  lO'*^  molecules.  Consideration  of  the 
fact  that  there  is  only  one  molecule  of  mercaptan  to  every  fifty  thousand 
million  molecules  of  air  leads  to  some  appreciation  of  the  sensitivity  of  ol- 
faction. However,  it  should  be  noted  that  the  surface  activity  of  mercaptan 
and  of  odorous  materials  in  general  is  such  as  to  enhance  the  possibiHties  of 
increasing  the  concentration  at  the  receptor  surface. 

Among  insects  comparable  sensitivity  of  olfactory  sense  organs  has  not 
been  demonstrated,  although  the  fact  that  the  odors  (lipoid,  protein,  or  ester) 
emanating  from  the  body  of  the  female  gypsy  moth  attracts  male  gypsy  moths 
from  distances  greater  than  two  miles  attests  to  a  great  sensitivity.  Threshold 
measurements  with  other  insects  show  that  the  dung  beetles  (genus  Geo- 
trupes^  respond  to  the  odor  of  skatol  at  concentrations  of  2.3  X  10~®  M 
and  the  tent  caterpillar,  Malacosoma  americana,  is  repelled  by  a  mixture  of 
benzaldehyde  at  a  concentration  of  4.1  X  10"^  M.^^-  ^^  These  values  rep- 
resent the  response  threshold  level,  and  it  is  a  safe  assumption  that  the  thresh- 
old of  individual  sense  organs  would  be  significantly  lower.  Von 
Frisch,^^'  ^-'  ^^  in  his  classic  experiments  conditioning  the  feeding  response 
of  bees  to  the  odors  of  essential  oils,  demonstrated  that  the  minimum  per- 
ceptible odor  is  approximately  the  same  for  the  bee  as  for  man  (Table  64). 
Gustation.  One  of  the  most  effective  taste  substances  for  man  is  quinine 
hydrochloride,  which  elicits  an  extremely  bitter  taste  that  can  be  detected 

TABLE   64.    COMPARISON   Of  OLFACTORY   THRESHOLDS   OF 
CERTAIN  INSECTS   AND  MAN   (from  Dethier  and  Chadwick'") 


Man 

(Recognition 

Compound 

Threshold, 

Species  of  Insecl 

:  (Threshold  of  Response, 

mgm./l.) 

mgm 

./I.) 

Skatol 

0.000,000,4 

Geotnipes  sylvaticus 

0.003-0.009 

Indol 

G.  vernalis 

0.003 

Benzene 

0.0053 

Habrohracon  juglandis 

0.5-3.0 

Cyclohexane 

0.25 

"                  " 

3-5 

Ethanol 

5.76 

"                  " 

5-20 

" 

Musca  domestica 

230 

Ammonia 

0.035 

„ 

0.04 

w 

"               " 

1  (rejection) 

Benzaldehyde 

Pieris  rapae 

0.058 

in  concentrations  of  approximately  1.5  X  10"  ^  M.  Other  substances  which 
most  effectively  stimulate  the  other  tastes  are:  hydrochloric  acid,  1.25  X 
10-3  ]vi.  NaCl,  9  X  10--^  M;  and  sucrose,  2  X  lO"-  M.  The  sensitivity 
of  insect  contact  chemoreceptors  is  equal  to  or  greater  than  those  of  the 
human  (Table  65).  Aquatic  beetles  may  be  conditioned  to  quinine  hydro- 
chloride at  concentrations  of  1.25  X  10""  M.  Stimulation  of  the  tarsal  re- 
ceptors of  some  butterflies  with  sucrose  at  9.8  X  10"*"'  M  and  of  some  flies 
with  sucrose  at  3.9  X   10~-'*  M.  elicits  a  response. 
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TABLE  65.   COMPARISON  OF  TASTE  THRESHOLDS 

(from   Dethier  and   Chadwick^) 

Compound  Threshold  Concentrations 

Sucrose  man,  0.02  M;  bee,  0.06-0.125  M;  butterfly  (Pyrameis),  average  ca.  0.01 

M,  in  starvation  as  little  as  8  X   10"'  M,  or  for  Danaus,  9.8  X   10"" 
M;  horsefly  {Tahanus),  0.005-0.11  M. 

NaCl  man,  0.009  M;  bee,  rejects  ca.  0.24  iM  in  0.5  M  sucrose;  various  cater- 

pillars reject  at  0.2  M,  while  others  accept  over  the  full  range  up  to 
and  including  5.0  M. 

HCl  man,  0.00125  M;  bee,  rejects  0.001  M  in  1.0  M  sucrose;  various  cater- 

pillars reject  at  0.01-0.2  M. 

Quinine  man,    1.5    X    10"'  M;  bee,  rejects  at  8    X    10  '  M  in   1.0  M  sucrose; 

various  caterpillars  reject  at  0.002-0.033   M;   aquatic  beetles  were 
conditioned  to  respond  to  1.25  X   10""  M. 

Not  all  gustatory  end-organs  of  insects  are  equivalent  in  sensitivity.  Thus, 
in  the  horse  fly,  the  average  threshold  for  sucrose  is  0.021  M.  for  the  labella, 
and  0.060  M  for  the  tarsi.  The  receptors  on  the  antennae  of  bees  are  more 
sensitive  than  those  on  the  legs,  and  those  on  the  proboscis  are  more  sensitive 
than  those  on  the  antennae. 

Pumphrey,  "-  using  the  frog's  tongue  and  the  technique  of  recording  elec- 
trically from  the  appropriate  nerve,  demonstrated  a  reduction  of  sensitivity, 
after  intense  stimulation  which  lasted  for  sexeral  minutes.  Although  adapta- 
tion of  gustatory  receptors  is  slow,  it  is  apparently  of  sufficient  magnitude  to 
produce  changes  in  sensitivity.  In  addition  to  these  variations  in  sensitivity, 
it  has  been  reported  that  the  scnsitixity  of  the  same  sense  organs  may  vary 
from  day  to  day. 

The  Cuunuon  Cheiu'ical  Sense.  I  he  concentration'  of  ethanol  necessary 
to  stimulate  the  sense  organs  located  in  the  mucous  membranes  of  man  is 
5  to  10  M.  No  comparable  figures  for  the  insccis  are  available.  Numerous 
experiments  show,  howexer,  that  substances  v\'hich  attract  insects  at  one 
concentration  may  repel  at  a  higher  concentration.  Indeed,  most  substances 
are  optimally  attractive  at  a  particular  concentration  and  decrease  progres- 
sively as  the  concentration  increases  (Fig.  149).  Substances  which  are  re- 
pellent at  low  concentrations  usually  elicit  a  more  violent  repellent  response 
at  high  concentrations.  I  hese  changes  in  response  suggest  the  participation 
of  a  new  group  of  receptors,  perhaps  those  mediating  the  common  chemical 
sense,  at  these  high  concentrations. 

Modalities  of  Chemoreception.  Olfactory  Receptors.  The  sense  of  smell 
in  man  not  only  is  the  most  sensiti\c  of  the  chemical  senses  but  also  gives 
rise  to  the  greatest  variety  of  sensations.  It  has  been  estimated  that  the  odors 
which  a  normal  person  can  discriminate  number  between  one  thousand  and 
four  thousand.  All  efforts  to  reduce  the  olfactor\'  sensations  of  man  to  some 
system,  whereby  mixtures  of  certain  fundamental  odors  will  reproduce  all 
odors  of  experience,  have  met  with  notable  failure.  Ihese  odors  are  neces- 
sarily classiBed  on  a  strictly  subjecti\e  basis.     It  is  hoped  that  such  a  classi- 
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Fig.  149.  Curves  illustrating  the  relation  between  the  response  of  Drosophila  and  the 
concentration  of  ethyl  alcohol.  Solid  circles,  per  cent  males  responding;  t)pen  circles,  per 
cent  females  responding;  solid  lines,  the  per  cent  males  and  females  attracted;  broken 
lines,  per  cent  males  and  females  repelled.   After  Reed,"'  from  Dethier.'" 

fication  may  eventually  be  replaced  by  one  which  is  objective  and  based 
on  some  chemical  or  physical  property  of  the  stimulus.  One  oF  the  earliest 
and  still  acceptable  subjective  classifications  of  odors  is  that  of  Zwaarde- 
maker,''"'  who  divided  odors  into  nine  classes,  with  two  or  more  subdivisions: 
Class  Subdivisions 

1.  Ethereal    (a)  Fruit,  (fo)  Beeswax,  (c)  Ethers 

2.  Aromatic     (a)  Camphor,  (/O  Cloves,  (c)  Lavender, 

(ci)  Lemon,  (e)  Bitter  almonds 

3.  Balsamic  or  Fragrant («)  Flowers,  (fo)  Violet, 

(c)  Vanilla  and  coumarin 

4.  Ambrosial 00  Amber,  (f?)  Musk 

5.  Alliaceous («)  Sulphuretted  hydrogen, 

(/?)  Arsine,  (c)  Chlorine 

6.  Empyreumatic    (a)  Roast  coffee,  (fo)  Benzene 

7.  Caprilic     («)  Cheese,  (fo)  Rancid  fat 

8.  Repulsive    (a)  Deadly  nightshade,  (b)  Bed-bug 

9.  Nauseating  or  Fetid    (a)  Carrion,  (b)  Feces 
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It  has  been  suggested  that  there  are  nine  types  of  sense  cells,  each  sensi- 
tive primarily  to  one  of  these  classes  of  odors.  Proof  of  die  existence  of  these 
nine  types  would  constitute  a  great  step  forward  in  the  study  of  the  theory 
of  olfaction.  There  is  some  evidence  that  during  recovery  from  anesthesia 
the  abihty  to  smell  odors  of  class  6  (empyreumatic)  recovers  first  and  that 
for  odors  of  class  8  (repulsive)  recovers  last.  It  has  also  been  found  that 
fatigue  of  the  olfactory  organ  to  an  odor  of  one  class  (or  subclass)  also  causes 
reduced  sensitivity  to  other  members  of  the  same  class  (or  subclass).  The 
best  evidence  of  this  nature  was  obtained  by  Ohma  for  the  five  subclasses 
of  class  2.  For  instance,  he  found  that  camphor,  eucalyptol,  and  eugenol, 
members  of  the  same  subclass,  produced  perfect  fatigue  for  each  other,  but 
only  partial  fatigue  for  citrol  and  safrol  which  are  in  the  same  class  but  in 
a  different  subclass. 

The  olfactory  capabilities  of  the  insect  chemoreceptors  have  not  been  ex- 
haustively explored.    Von  Frisch  •"   trained  bees  to  find  food  in  one  con- 
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Fig.  150.  Diagrams  of  the  right  half  of  the  tongue  of  the  human  (above)  and  of  the 
cat  (below),  indicating  the  areas  of  lowest  threshold  for  the  four  primary  tastes,  deter- 
mined by  punctiform  exploration  (human)  and  electrical  recording  (cat).  After  Hanig 
and  Pfaffmann,"'  from  Fulton."" 

tainer  from  which  emanated  the  odor  of  one  essential  oil  and  related  com- 
pounds. This  odor  was  then  presented  simultancousK  with  other  odors  (in 
different  containers)  and  the  frequency  of  the  visits  to  each  was  recorded. 
Of  the  forty-seven  substances  tested  (all  crude  preparations  of  essential  oils), 
three  in  addition  to  the  training  odor  were  attractive.  The  four  essential 
oils  were  all  distilled  from  citrus  fruit  and  contained  one  common  substance, 
limolene,  and  had  similar  odors  as  judged  b\  man.  Comparison  of  pure  vola- 
tile organic  compounds  showed  that  bees  react  in  a  manner  similar  to  man. 
Nitrobenzene  and  benzaldehxde,  although  of  widely  di\erse  chemical  struc- 
ture, are  confused  as  one  by  man,  as  well  as  by  the  bee;  methyl  ester  of 
anthranilic  acid  and  beta  naphthol  methyl  ether,  which  are  nearly  identical 
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in  structure,  are  easily  differentiated  by  man   and  by  bees.    As  far  as  is 
known,  olfaction  among  insects  is  similar  to  olfaction  in  man. 

Gustatory  Receptors.  It  is  generally  agreed  that  there  are  four  fundamen- 
tal tastes:  sweet,  sour,  salt,  and  bitter.  The  taste  buds  mediating  these  four 
tastes  are  more  or  less  localized  in  certain  regions  of  the  tongue,  as  shown  in 
Fig.  150.  The  taste  buds  sensitive  to  sour  are  on  the  back  lateral  surfaces, 
those  for  sweet  and  salt  near  the  tip,  and  those  for  bitter  toward  the  back. 
The  distribution  is  somewhat  irregular,  and  there  is  a  considerable  overlap- 
ping of  the  areas.  However,  when  this  separation  of  taste  buds  of  different 
sensitivities  is  compared  with  the  thorough  mixture  of  the  rods  and  cones  of 
the  eye,  or  of  the  olfactory  cells,  the  simplicity  of  the  problem  of  analyzing 
taste,  compared  with  that  of  analyzing  color  vision  or  olfaction,  is  astound- 
ing. Here  we  have  four  definite  sensations  which  are  more  or  less  localized 
in  four  different  regions  of  the  tongue,  differing  in  position  by  as  much  as 
several  centimeters,  and  which  we  can  stimulate  separately  by  merely  plac- 
ing the  stimulating  material  on  different  parts  of  the  tongue.  This  arrange- 
ment permits  an  opportunity  for  experimentation  which  has  been  only  par- 
tially exploited. 

The  sour  taste  which  is  associated  with  all  acid  foods,  e.  g.,  vinegar,  sour 
milk,  citrus  fruits,  and  apples,  is  definitely  a  function  of  the  hydrogen  ion 
concentration.  The  pH  at  which  an  acid  becomes  detectable  by  its  sour 
taste  varies.  For  pure  mineral  acids  the  threshold  pH  is  between  3.4  and 
3.5,  and  for  pure  solutions  of  acetic,  lactic,  citric,  and  butyric  acids,  it  is  be- 
tween pH  3.7  and  3.9.  If  a  buffer  is  added,  e.  g.,  if  Na-acetate  is  added  to 
acetic  acid,  the  threshold  for  sour  taste  is  lowered  to  pH  5.6.  With  con- 
centrated buffers  even  neutral  solutions  may  have  a  sour  taste.  Thus  the 
excitation  of  receptors  mediating  the  sour  taste  may  not  depend  simply  on 
the  pH  of  the  solution  bathing  the  receptors. 

The  typical  salt  taste  is  that  of  sodium  chloride,  but  a  number  of  other 
salts  (KCl,  NH4CI,  LiCl,  RbCl,  NaBr,  NH4Br,  LiBr,  Nal  and  Lil)  are  also 
predominantly  saltv  in  taste.  Other  salts  are  both  salty  and  bitter  (KBr,  NH4I), 
and  still  others  (CsCl,  RbBr,  CsBr,  KI,  Rbl,  and  Csl)  are  predominantly 
bitter.^"  The  sweet  taste  is  elicited  by  many  classes  of  chemicals.  Salts  of 
beryllium,  lead  formate,  acetate,  propionate,  and  isovalerionate  elicit  a  sweet 
taste  attributed  to  the  metallic  portion  of  the  molecules.  Among  the  organic 
compounds  which  elicit  a  sweet  taste  are  the  sugars,  dihydroxy  and  polyhy- 
droxy  alcohols,  saccharin,  dulcin,  amino  acids,  and  many  esters.  The  sweet 
taste  is  quite  often  associated  with  a  bitter  taste,  as  is  illustrated  in  the  fol- 
lowing listing  from  Cohn.^° 

Sweet:  glycol,  glycerin,  glycine,  sugar,  phloroglucinol,  saccharin,  dulcin 

Sweetish:  r-climethyl  tartrate 

Tasteless  then  sweet:  sodium  naphthionate 

Sweet  and  bitter:  glyceraldehydc,  p-chlorsaccharin,  d-valin 

Sweet  then  bitter:  urotropin,  aloin,  p-methylsaccharin 

Sweet  then  disagreeably  bitter:  m-chlorphenyl  alanin 

Sweetish  and  bitter:  guaiacol  ester  of  isovalerianic  acid 

Sweetish  then  bitter:  magnesium  benzoate,  butyramide 

Sweet  then  bitterish:  methylglyceraldehyde 

Sweetish  then  bitterish:  Ethyl  butyrate 
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The  relative  sweetness  of  sugars  has  been  determined  by  a  number  of  authors,  as  illus- 
trated in  the  following  list,"  based  on  a  value  of  100  for  sucrose: 

fructose    173  rhamnose 32 

glucose     74  galactose    32 

xylose     40  raffinose 23 

maltose     32  lactose    16 

These  values  vary  somewhat  with  the  concentration. 

The  bitter  taste  is  elicited  by  a  wide  variety  of  chemical  compounds.  Some 
salts— e.g.,  caesium  chloride,  many  iodides,  many  calcium,  ammonium,  or 
magnesium  salts  (MgS04,  or  epsom  salts)— are  bitter,  as  are  picric  acid  and 
the  alkaloids,  the  latter  being  the  most  bitter  ot  all  compounds.  A  list  of 
some  of  the  substances  which  elicit  a  bitter  or  bitter-sweet  taste,  compiled 
by  Cohn,'**  reveals  the  wide  variety  of  their  chemical  structure: 

Bitter:  picric  acid,  phenyl  urea,  glucose  triacetate,  strychnine 
Bitter   then    sweet:    o-benzoyl    benzoic   acid,    p-amino-azobenzene 

sulphonic  acid,  Meucyl-d-tryptophane,  phenolphthalein,  sodium- 

naphthoyl  o-benzoate 
Bitter  and  sweetish:  tetrachlorethyl  ether,  2,  3-dichlorhexane 
Bitterish  and  sweet:  hexenylglycerin 
Bitterish  then  sweetish :  sodium  ethyl  sulfonate. 
Bittersweet,  pungent:  nitrostyrene 

The  method  of  choice  in  the  study  of  the  physiology  of  chemoreception 
is  the  recording  of  nerve  spike  potentials  in  the  afferent  nerves  connected 
with  the  peripheral  sensory  end-organs.  Such  studies  among  the  insects 
have  met  with  consistent  failure,-^  which  is  attributed  to  the  low  magnitude 
of  these  electrical  transients  in  the  small  sensory'  nerve  fibers;  they  are  prob- 
ably below  the  noise  level  of  electron  tube  amplifiers  (i.e.,  several  microvolts). 
Among  the  vertebrates  several  successful  studies  have  been  published.  Pum- 
phrey''-  recorded  from  nerve  fibers  innervating  the  anterior  portion  of  the 
tongue  of  the  frog.  He  obtained  records  of  action  potentials  (Fig.  151)  from 
fibers  which  could  be  excited  by  applying  acid  and  salt  solutions  to  the 
tongue.  PfaflFman''^  recorded  action  potentials  from  single  nerve  fibers  in- 
nervating at  least  three  different  chemoreceptors,  some  of  which  could  be 
stimulated  by  acid,  others  by  acid  and  salts,  and  still  others  by  acid  and 
quinine.  Notably  absent  were  the  chemoreceptors  stimulated  by  sugar.  Only 
one  study  has  been  reported  in  which  sugar  produced  a  response,**^  and  this 
was  observed  only  once.  These  results  cast  some  doubt  on  the  discrete  na- 
ture of  the  chemoreceptors  which  mediate  the  different  taste  sensations. 

The  evidence  for  four  specific  receptors  may  be  listed  as  follows:  (1)  taste 
qualities  are  zonally  distributed;  (2)  taste  sensations  are  abolished  by  co- 
caine in  the  following  order:  bitter,  sweet,  salt,  and  finally  sour;""'  (3)  gym- 
nemic  acid  selectively  abolishes  sweet  and  bitter  but  not  salt  and  sour;  *^ 

(4)  papillae  can  be  found  that  are  sensitive  to  only  one  of  the  four  tastes; 

(5)  the  threshold  for  electrical  stimulation  of  the  taste  buds  is  different  for 
the  four  different  tastes;-  (6)  in  the  cat  recorded  action  potentials  from  single 
fiber  preparations  indicate  at  least  three  different  sensitivities:  sour,  sour  and 
salt,  and  sour  and  bitter.*'^ 

If  there  are  four,  and  only  four,  tastes,  then  it  should  be  possible  to  dupli- 
cate any  complex  taste  by  mixture  of  four  types  of  agent— sodium  chloride, 
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sucrose,  oxalic  acid,  and  quinine  hydrochloride.  Many  complex  tastes  can 
be  duplicated  in  this  way,  and  some  investigators  claim  to  be  able  to  dupH- 
cate  all  tastes  by  such  mixtures.  In  experiments  of  this  type  the  influence 
of  other  factors,  especially  of  odors,  must  be  carefully  controlled.  It  can 
readily  be  demonstrated  that  if  the  nose  is  held  closed  boiled  turnips,  apples, 
and  onions  have  almost  the  same  taste,  ham  tastes  Hke  lamb,  port  wine  like 
sugar,  and  claret  wine  like  weak  vinegar. 

So  far  there  is  no  record  of  a  person  being  completely  deficient  in  any 
one  of  the  four  tastes,  i.e.,  there  are  no  known  cases  of  partial  "taste  bhnd- 
ness,"  although  complete  loss  of  taste  may  follow  damage  to  the  nervous 
system.  However,  some  persons  are  unable  to  taste  certain  bitter  substances 
to  which  others  are  quite  sensitive.  Snyder^*^  found  that  68.5  per  cent  of 
individuals  tested  could  taste  p-ethoxyphenyl  thiourea,  p-HOC6H4NH.CS.- 
NH2,  but  that  31.5  per  cent  could  not  taste  the  substance.  AbiHty  to  taste  the 
material  is  inherited  as  a  non-sex-linked  character.  Comparable  differences  in 
individual  tasting  ability  are  known  for  other  materials.^*''  •^'* 


(a) 


AJ^J^U^^^^^yL 


l^) 


Fig.  151.  Action  potentials  recorded  from  a  single  fiber  ot  the  lingualis  nerve  of  the 
frog  in  response  to  stimulating  the  appropriate  area  of  the  tongue  with  2  per  cent  (a)  and 
4  per  cent  (b)  NaCl  solution.   Time  is  marked  in  1/5  sec.   From  Pumphrey."^^" 

Many  insects  respond  positively  to  sugars  and  it  has  been  demonstrated, 
using  conditioning  techniques,  that  Dytisciis  trained  to  respond  positively  to 
sucrose  will  respond  in  similar  fashion  to  glucose  and  20  other  sugars  or  sugar 
derivatives.''  Von  Frisch-^-'  found  that  all  the  sugars  which  are  acceptable  to 
the  bee  have  an  additive  stimulating  effect.  There  seems  to  be  little  doubt  that 
the  substances  which  taste  sweet  to  man  also  give  rise  to  a  distinct  sensation 
in  insects. 

The  situation  concerning  the  other  taste  modalities  in  the  insects  is  not 
at  all  clear.  Dytisciis  marginalis,  Hydrous  piceus,  and  related  species  learned 
readily  to  distinguish  between  pairs  of  substances  chosen  from  sucrose,  NaCl, 
HCl,  acetic  acid,  and  quinine,  and  could  be  trained  to  accept  quinine 
and  avoid  NaCl.'*-  ^'^-  •'"'"  It  was  concluded  that  taste  substances  could 
be  classified  into  the  same  four  groups  for  these  beetles  as  for  man.  In  bees 
the  stimulating  effect  is  additive  between  NaCl  and  LiBr,  NH4Br  and  HCl, 
but  not  between  quinine  and  acid.  However,  acids  increased  the  repellency 
of  bitter  substances  such  as  aloin,  arbutin,  colocynthin,  and  salicin.  It  may 
be  said   that   for  bees   the   taste   substances   fall   into   the   four   groups,   but 
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there  is  evidence  for  considerable  interaction  among  the  several  modalities. 
Frings-**  has  advanced  the  hypothesis  that  the  several  taste  modalities  may 
merely  be  points  in  a  continuous  spectrum  oF  taste  sensation  which  may  be 
related  to  penetrating  power  or  some  other  surface-active  property  of  the 
chemical  agent.  The  facts  that  some  salts  and  alkalis  at  low  concentration 
and  all  the  sugars,  which  penetrate  cells  slowly,  taste  sweet  to  man  and  are 
acceptable  to  insects,  and  that  there  exists  a  gradual  transition  from  salty 
to  bitter  in  the  series  of  inorganic  salts  as  their  ionic  mobilities  increase, 
lend  credence  to  this  hypothesis.  However,  the  additive  stimulating  effects 
of  certain  compounds  and  not  of  others  and  the  similarity  of  response  of 
conditioned  insects  to  substances  which  taste  alike  to  man  are  observations 
difficult  to  reconcile  with  the  theory  of  Frings. 

Although  there  seems  to  be  some  similarity  in  the  taste  of  insects  and  man, 
there  appear  also  to  be  some  differences.  Von  Frisch-^-"^  tested  bees  with  thirty- 
four  naturally  occurring  sweet  substances  and  found  they  responded  to  only 
nine,  and  that  these  nine  were  found  in  the  natural  food  of  bees.  Thus 
many  pentoses,  sugar  alcohols,  and  true  sugars  are  not  accepted  by  bees.  Sac- 
charin is  not  accepted  by  bees  at  low  concentrations  and  is  repellent  at  high 
concentrations.  Acetylsaccharose,  which  is  very  bitter  to  man,  is  not  rejected 
by  the  bee. 

Intensity  Discrimination.  Intensity  discrimination  has  not  been  well 
worked  out  in  either  insects  or  man.  Von  Frisch'^^  demonstrated  that  meas- 
urable differences  existed  in  the  response  of  bees  to  1/8  M  and  to  5/32  M 
sucrose.  Similar  experiments  show  that  the  American  cockroach  and  the 
horsefly,  Tahanus,  can  discriminate  near  threshold  between  two  solutions 
whose  concentrations  differ  by  no  more  than  the  above  factor.  These  data 
do  not,  of  course,  establish  the  lower  limit  of  discriminative  ability. 

The  relation  of  the  intensity  of  stimulation  and  the  magnitude  of  the  re- 
sponse in  chemoreception  has  received  relatively  little  attention.  Krinner,^^ 
Crozier,^'^'  ^^  and  Hasama'^'^  have  demonstrated  a  rough  linear  relation  be- 
tween magnitude  of  response  and  logarithm  of  the  concentration  of  the  stimu- 
lating agent,  using  a  variety  of  different  techniques.  The  technique  of  re- 
cording spike  potentials  from  single  nerve  fibers  innervating  chemoreceptors, 
used  by  Pumphrey^^'  and  Pfaffman,""^  has  yielded  results  which  indicate  that 
the  frequency  of  the  nerve  spike  potential  burst  (Fig.  151),  which  begins 
shortly  after  application  of  the  stimulating  solution,  increases  with  increasing 
concentration  of  the  stimulating  agent.  A  graph  relating  the  frequency  of 
the  nerve  spike  potential  discharge  to  the  concentration  of  the  stimulating 
agent  results  in  a  curve  that  is  roughly  logarithmic,  although  no  quantita- 
tive expressions  have  been  derived.  It  appears,  therefore,  that  the  response 
magnitude  or  intensity  is  related  to  the  logarithm  of  the  stimulating  inten- 
sity for  chemoreceptors  as  well  as  for  the  other  senses  (see  Chap.  11,  p.  415). 

Mechanism  of  Chemoreceptor  Activation.  Olfaction.  Chemoreceptors 
which  mediate  the  sense  of  olfaction  in  the  vertebrates  and  those  of  insects 
possess  hairlike  processes  which  project  from  the  epithelium.  It  is  assumed 
that  the  odorous  substance  acts  on  these  processes  to  initiate  nerve  impulses 
in  the  neurones.  The  manner  in  which  this  act  is  accomplished  is  not  known. 
Attention  has  been  in  the  past  and  is  at  present  concentrated  on  the  chemi- 
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cal  and  physical  properties  which  are  directly  correlated  with  the  stimulation 
of  the  olfactory  chemoreceptors,  in  the  hope  of  arriving  at  some  common 
denominator  which  may  aid  in  understanding  the  mechanism  of  stimulation. 

The  relationship  between  chemical  structure  and  odor  is  one  that  has  at- 
tracted many  investigators  and  is  the  subject  of  an  enormous  quantity  of 
data,  which  has  been  adequately  reviewed  by  Moncrieff.^*^  The  data  relat- 
ing odor  to  chemical  structure  do  not  submit  to  any  known  simple  treatment 
and  hence  are  in  a  state  of  chaos.  Moncrieff,  in  an  effort  to  replace  chaos 
by  order,  has  arrived  at  sixty-two  general  principles  which  relate  chemical 
structure  to  odor.  By  way  of  summary  it  may  be  stated  that  whereas  sub- 
stances of  similar  chemical  structure  (i.e.,  a  homologous  series)  may  have 
similar  odors,  there  are  numerous  examples  of  isomers  and  of  stereoisomers 
which  have  dissimilar  odors  and,  conversely,  of  substances  of  quite  dissimilar 
structure  which  have  similar  odors.  In  the  final  analysis,  therefore,  the  cor- 
relation of  odor  with  chemical  structure  is  inadequate. 

The  relationship  between  infrared  absorption  spectra  (Raman  spectra) 
and  odor  has  received  some  attention  in  the  past,---  -'^  and  it  has  been  sug- 
gested that  heat  waves  are  reflected  to  the  olfactory  epithelium  according  to 
the  absorption  spectra  of  the  compounds.  Recently  Beck  and  Miles"*-  '^^  have 
revived  interest  in  this  infrared  radiation  theory  as  a  direct  result  of  some 
work  on  olfaction  in  bees.  However  attractive  this  approach  may  be,  it 
should  be  emphasized  that  certain  optical  isomers,  which  have  identical 
Raman  spectra,  have  different  odors,  and  that  certain  isotopic  molecules,  such 
as  n-butyl  alcohol  and  the  deuterated  compound,  have  similar  odors  but 
different  Raman  spectra.''-^  The  correlation  of  odor  with  infrared  absorption 
must,  therefore,  be  regarded  with  some  caution. 

Examination  of  odorous  substances  indicates  that  they  possess  in  common 
certain  properties  which  undoubtedly  are  related  to  their  effectiveness  in 
stimulating  the  olfactory  chemoreceptors.  One  primary  requisite  of  all  odor- 
ous materials  is  that  they  be  volatile,  i.e.,  have  a  high  vapor  pressure  at  mod- 
erate temperatures,  so  that  molecules  will  readily  leave  the  liquid  or  the 
solid  state.  A  second  common  property  of  odorous  materials  is  that  they  are 
readily  adsorbed.  Activated  carbon  will  adsorb  enormous  quantities  of  odor- 
ants  but  very  small  amounts  of  substances  which  are  odorless  (i.e.,  hydro- 
gen, nitrogen,  oxygen,  carbon  monoxide,  and  carbon  dioxide).  A  third  com- 
mon property  of  odorants  is  lipoid  solubility.  It  is  true  that  many  odorants 
are  also  water-soluble,  but  some  of  the  most  effective  olfactory  chemorecep- 
tor  stimulants  (synthetic  musk,  vanillin,  indole)  are  relatively  insoluble  in 
water.  The  conjecture  may  be  introduced  at  this  point  that  the  ready  ad- 
sorption of  odorants  on  the  olfactory  sense  cells  or  their  processes,  coupled 
with  lipoid  solubility,  may  facilitate  the  concentration  on  and  penetration 
of  these  substances  into  the  olfactory  neurones. 

Relatively  recent  work  on  the  stimulative  effectiveness  of  organic  com- 
pounds on  the  olfactory  sense  organs  of  insects  has  yielded  an  interesting  re- 
lation between  stimulative  ability  and  boiling  point.-"  Cook^^  determined 
the  optimal  concentration  (to  flies)  of  a  homologous  series  of  alcohols  from 
methyl  to  amyl,  and  of  esters  from  acetates  to  valerates.  The  optimal  con- 
centration proved  to  be  a  linear  function  of  the  boiling  point  (Fig.  152),  or 
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of  any  other  property  thermodynamically  related  to  the  boiHng  point.  Simi- 
lar studies  indicate  that  a  consistent  difference  exists  between  normal  and 
iso  compounds,  the  normal  compound  being  more  effective;  that  ketones 
stimulate  more  readily  than  phenol  esters  and  alcohols;"  that  esters  are  more 
stimulating  than  their  alcohols;^^  and  that  increasing  the  chain  length  of 
homologous  series  of  alcohols  or  esters  results  in  increased  stimulative  effect- 
iveness.•'•'  These  results  are  essentially  in  agreement  vi'ith  the  correlation 
between  boiling  point  and  stimulating  effectiveness. 

Gustation.  In  general,  it  is  known  that  stimulation  of  the  chcmoreceptors 
which  mediate  taste  in  man  and  regulate  feeding  and  oviposition  in  other 
animals  requires  the  contact  of  the  stimulating  substance  with  the  sense  or- 
gan in  question.  Just  what  happens  after  this  contact  has  been  established 
is  not  known,  and  indeed,  among  the  insects  it  is  not  clear  what  the  sense 
organs  are  or  precisely  where  they  are  located.  It  has  been  suggested-"  that 
the  penetration  of  the  stimulating  substances  into  the  sense  cells  or  their  ad- 
sorption on  the  cell  membranes  is  an  important  event  in  stimulation,  and 
considerable  data  are  in  agreement  with  this  suggestion.    However,  grant- 
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OPTIMUM    CONCENTRATION-    '/• 

Fi^.  152.  The  relation  between  boiling  point  and  the  most  attractive  concentration 
(indicated  by  the  number  of  houseflics  caught)  of  a  variety  of  paraffin  compounds. 
After  Cook,"  from  Dethicr.''* 

ing  the  adsorption  or  penetration  ot  the  stimulating  agent,  there  is  as  yet  no 
knowledge  of  the  events  leading  to  the  initiation  of  the  nerve  impulses. 
Consequently,  a  comprehensix'c  theory  which  is  in  accord  with  all  the  known 
tacts  of  chemoreceptor  stimulation  is  xet  lacking. 

I  he  role  of  chemical  structure  in  stimulation  of  the  gustatory  sense  or- 
gans has  received  considerable  attention.  Von  Frisch,  as  a  result  of  his  sugar- 
feeding  experiments  with  bees,  concluded  that  the  factors  involved  in  stimu- 
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lation  are  not  related  to  structural  formulae.  It  appears,  therefore,  tfrat 
chemical  structure  as  a  correlate  of  stimulating  effectiveness  may  be  dis- 
missed for  the  gustatory  chemoreceptors  as  well  as  for  the  olfactory  receptors. 

The  correlation  between  stimulating  effectiveness  and  lipoid  solubility  or 
oil-water  distribution  coefficients  is  in  accord  with  all  known  facts  of  gusta- 
tory sense  organ  stimulation.  This  is  illustrated  by  several  groups  of  data. 
In  man  taste  of  the  inorganic  acids  seems  to  be  a  simple  matter  of  pH,  but 
in  the  case  of  organic  acids  or  of  buffered  solution  the  stimulating  efficiency 
seems  to  be  related  also  to  the  presence  of  undissociated  acid.  The  simplest 
explanation  for  these  findings  is  that  the  pH  of  the  membrane  or  the  cyto- 
plasm of  the  sense  cell  is  the  determining  factor  in  stimulation.  Undissoci- 
ated molecules  penetrate  the  membrane  more  rapidly  and  then  may  become 
ionized  in  the  membrane  or  in  the  cytoplasm,  thus  producing  an  eflfective 
change  in  pH.^''  In  this  connection  it  has  been  demonstrated  that  the  in- 
troduction of  polar  groups  (-OH,  -CI,  -Br,  -COOH,  or  -NH2)  into  the  acid 
molecule  reduces  its  stimulating  effectiveness,  whereas  the  introduction  of  ad- 
ditional methyl  groups  or  the  lengthening  of  the  carbon  chain  increases 
the  stimulating  effectiveness.'"'^ 

Among  the  insects  Frings'^'^  has  shown  that  the  stimulating  effectiveness 
of  several  series  of  inorganic  salts  with  a  common  anion  increased  in  the 
following  order,  Li  +  <  Na+  <  Mg++  <Ca++  =  Sr++  <  K+  <  Cs+  = 
Rb+  <  NH4+  <<<  H  +  ,  and  this  scheme  is  in  agreement  with  most  of 
the  reported  data  on  other  animals,  including  man.  The  order  of  effectiveness 
of  the  salts  is  in  accord  with  their  ionic  mobiHties  and  also  with  their  partition 
coefficients.  Dethier  and  Chadwick^"  measured  the  rejection  thresholds  for 
a  series  of  aliphatic  alcohols,  and  they  obtained  a  high  correlation  between 
stimulating  effectiveness  and  boiling  point,  molecular  area,  molecular  mo- 
ments, vapor  pressures,  activity  coefficients,  and  oil-water  distribution  co- 
efficients. Recently  the  same  authors-^  determined  that  the  glycols  are  rejected 
by  blowflies  at  logarithmically  decreasing  concentrations  as  the  chain  length 
is  increased. 

SUMMARY 

The  history  of  chemoreception  is  studded  with  man's  attempts  to  explain 
and  rationalize  the  mechanism  involved  in  the  activation  of  these  sense  or- 
gans. Yet  today  this  is  still  one  huge  question  mark.  True,  the  work  relating 
physical  and  chemical  properties  of  compounds  to  their  stimulating  effect- 
iveness may  soon  demonstrate  those  properties  of  the  stimulus  essential  for 
activation  of  chemoreceptors,  but  the  question  of  mechanism  of  activation 
will  still  remain  unanswered.  This  answer  must  be  sought  through  investi- 
gation of  cellular  changes  in  the  sensory  end-organ  itself,  a  difficult  but 
challenging  problem. 
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CHAPTER  IB 


Phonoreception 


INTRODUCTION 


p 

■  HONORECEPTioN  IS  THE  PROCESS  of  detecting  vibratory  motion,  usu- 

■  ally  of  frequencies  higher  than  several  vibrations  per  second,  in 
W  the  surrounding  medium.     Stimulation  occurs  most  commonly 

by  means  of  sound  waves  in  air  (mammals,  insects),  but  may  also  be  pro- 
duced by  sound  waves  in  water  (fish,  amphibia),  or  even  by  vibration  of  a 
solid  body  against  the  skeletal  structure  supporting  the  phonoreceptive  organ 
(bone  conduction  in  man,  utilized  in  certain  types  of  hearing  aids). 

Sound  Waves.  Sound  waves  in  any  medium  consist  of  rapid  vibratory  mo- 
tion of  the  particles  which  compose  the  medium.  The  motion  of  one  particle 
tends  to  disturb  a  neighboring  particle,  which  in  turn  disturbs  the  next  one, 
so  that  a  wave  of  disturbance  passes  through  the  medium.  When  a  tuning 
fork  vibrates  in  air,  the  forward  movement  of  the  prong  compresses  the  ad- 
jacent air,  but  the  elasticity  of  the  air  prevents  maintenance  of  this  localized 
region  of  compression,  and  expansion  occurs  at  the  expense  of  the  adjoining 
region,  so  that  a  wave  of  excess  pressure  emanates  from  the  prong.  In  a  simi- 
lar manner,  backward  movement  of  the  prong  sets  up  a  wave  of  diminished 
pressure  or  rarefaction. 

If  the  tuning  fork  vibrates  with  the  simplest  to-and-fro  movement  it  gen- 
erates what  we  call  a  "pure"  tone,  and  its  motion  may  be  expressed  quanti- 
tatively in  two  ways:  by  the  frequency  of  its  vibration,  and  by  the  ampli- 
tude of  its  excursion.  The  resulting  wave  may  likewise  be  described  by  its 
frequency  and  intensity. 

The  tip  of  the  tuning  fork  and  consequently  any  given  particle  in  the 
medium  undergoes  simple  harmonic  motion  in  the  principal  direction  of 
propagation  of  the  wave,  and  its  position  if  plotted  as  a  function  of  time  gives 
a  curve  that  is  described  as  a  sine  wave  (Fig.  153).  The  pressure  at  any 
given  point  in  the  medium  also  varies  as  a  sine  wave  which  leads  the  dis- 
placement wave  by  90  degrees.  If  motion  of  the  fork  is  not  a  simple  to-and- 
fro  movement,  then  the  form  of  the  wave  produced  is  complex,  and  so  is  the 
tonal  stimulus.  A  complex  wave  may  be  resolved  mathematically  into  two 
or  more  simple  waves,  which  may  then  be  described  in  terms  of  frequency 
and  intensity. 

If  a  sinusoidally  varying  force  is  applied  to  an  object  whose  resistance  to 
motion  does  not  vary  linearly  with  the  displacement,  then  the  object  will 
not  move  in  a  simple  sinusoidal  manner,  and  if  its  motion  is  plotted  as  a 
function  of  time  the  wave  will  appear  to  be  a  "distorted"  sine  wave.  Such 
a  wave  may  also  be  resolved  into  two  or  more  sinusoidal  waves.  If  the  ap- 
plied frequency  is  considered  to  be  the  "fundamental"  frequency  of  vibra- 
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tion,  the  resulting  wave  of  motion  will  be  found  to  be  the  algebraic  summa- 
tion of  this  fundamental  and  one  or  more  of  its  multiples.  The  multiples  of 
the  fundamental  are  referred  to  as  "harmonics."  In  this  manner  improper 
adjustment  of  the  anatomical  components  of  the  ear  (e.g.,  loose  coupling 
of  middle  ear  bones;  unequal  tension  on  the  ear  drum  or  basilar  membrane, 
or  any  other  elastic  structure)  could  give  rise  to  harmonics  when  the  stimulus 
consists  of  a  pure  tone. 

The  intensity  of  sound  waves  is  defined  as  the  rate  of  flow  of  energy 
through  a  unit  area  of  the  medium.  Except  for  a  few  unusual  conditions 
(especially  those  in  which  standing  waves  occur),  the  energy  of  a  sound 
wave  is  proportional  to  the  square  of  the  root-mean-square  value  of  the  al- 
ternating pressure.    The  human  ear  is  responsive  to  a  very  wide  range  in 


PARTICLE     DISPLACEMENT 

y  =  ,1  sin  (o/ 


PARTICLE    VELOCITY 


INSTANTANEOUS     PRESSURE 

p  =  Aiaf'i  sin  (u>t  +  90") 


TIME 


Fig.  153.  Curves  showing  various  aspects  of  plane  progressive  sound  waves,  together 
with  their  equations,  in  which  y=displacement;  A=amplitude;  w=angular  velocity= 
2  TT  X  frequency;  trzitime;  p,=velocity  of  particle;  }9=alternating  pressure;  Po=;density 
of  air;  c=:velocity  of  sound.   From  Stevens  and  Davis.^" 

the  energy  of  stimulation,  and  for  convenience  in  expression  and  in  plotting 
of  data  the  scale  used  is  logarithmic.  A  difference  of  one  log  unit  (base  10) 
in  energy  is  called  a  bel,  and  a  difference  of  one-tenth  log  unit  a  decibel. 

The  decibel  (abbreviated  db)  is  thus  defined  as  ten  times  the  logarithm 
of  the  ratio  of  two  energies,  but  it  can  also  be  applied  to  two  pressures,  velo- 
cities, currents,  etc.,  which  are  related  to  energy  by  a  square  law.  The  number 
of  decibels  in  the  ratio  of  two  sound  pressures  thus  become  20  times  the  loga- 
rithm of  the  ratio.  The  number  of  decibels  (N)  relating  two  energies  (E) 
or  two  pressures  (P)  is  therefore 

N  =  lOlogjEi^  20  log  P' 


On  an  energy  scale  a  tenfold  increase  is  10  decibels,  but  on  a  pressure  scale 
a  tenfold  increase  is  20  decibels. 

The  ear  can  withstand  a  sound  which  has  a  million  million  times  as  much 
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energy  as  that  which  can  just  barely  be  detected.  This  difference  may  be 
expressed  as  120  db  and  is  just  about  the  ratio  of  the  energy  of  the  sound 
of  very  loud  thunder  to  that  of  a  sound  just  at  the  threshold  of  hearing.  On 
the  decibel  scale  the  intensities  (i.e.,  energies)  of  some  common  sounds  are: 


120db 

Thunder 

110 

Airplane  engine 

100 

Boiler  shop 

90 

Elevated  train 

80 

Pneumatic  drill 

70 

Busy  street 

60 

Conversation 

50 

Quiet  automobile 

40 

Average  office 

25 

Average  dwelling 

15 

Whisper 

0 

Threshold  of  hearing 

Since  the  decibel  scale  is  one  of  ratios,  it  is  necessary  to  have  some  standard 
for  comparison.  The  threshold  of  hearing  may  be  used  for  this  purpose, 
but  it  is  known  to  vary  from  person  to  person  and  also  to  vary  greatly  with 
frequency.  Therefore,  an  arbitrary  standard  of  1  microwatt  (a  watt  is  a 
measure  of  the  rate  of  flow  of  energy)  per  square  centimeter  is  adopted  for 
reference,  and  this  approximates  the  average  threshold  for  a  1000  cycle  tone. 
Problems  of  Phonoreception.  In  the  process  of  hearing  the  physiological 
problem  of  the  animal  is  how  to  detect  sound  waves,  how  to  distinguish  one 
frequency  from  another,  how  to  determine  the  relative  intensity  of  each 
frequency,  how  to  determine  the  direction  from  which  the  sound  is  coming, 
and,  moreover,  how  to  do  all  of  these  things  simultaneously  when  the  on- 
coming sound  waves  are  of  a  high  degree  of  complexity,  consisting  of  many 
frequencies  and  intensities  combined  together  in  a  complex  disturbance  of 
the  medium.  In  some  animals,  e.g.,  in  fishes,  this  problem  is  only  partly 
solved  in  that  there  is  a  mechanism  for  detection  of  sound  but^  almost  none  4/e, 
for  analysis  of  the  sound  in  terms  of  frequency.  In  man  the  mechanism  for 
analysis  is  very  good.  In  bats  it  may  be  better,  in  that  the  frequency  range 
is  much  wider. 

PHONORECEPTION  BY  MAN 

Morphology:  External  Ear.  The  structure  of  the  hearing  mechanism  of 
man  is  shown  diagramatically  in  Fig.  154.  The  external  ear,  or  pinna,  leads 
into  an  auditory  canal  (external  auditory  meatus),  which  conducts  sound 
waves  to  the  ear  drum  or  tympanic  membrane.  The  external  ear  of  man  is 
too  small  to  act  as  a  concentrating  reflector  of  sound  waves  and  its  principal 
function  is  that  of  scattering  the  waves  so  that  some  of  the  sound  passes  into 
the  auditory  canal.  In  donkeys  and  other  large-eared  animals,  concentration 
by  reflection  may  be  important.  The  tympanic  membrane,  which  separates 
the  auditory  canal  from  the  middle  ear,  is  slightly  conical  or  funnel-like  in 
shape,  is  about  0.1  mm.  thick,  and  is  composed  of  an  outside  layer  of  skin, 
a  layer  of  connective  tissue,  and  an  inner  layer  of  mucous  membrane. 

Middle  Ear.  The  middle  ear  is  filled  with  air  and  contains  three  bones: 
the  malleus,  the  incus,  and  the  stapes,  which  are  attached  to  each  other. 
Furthermore,  one  arm  of  the  malleus  is  attached  close  to  the  center  of  the 
tympanic  membrane  and  another  projection  is  attached  close  to  its  periphery. 
Vibration  of  the  membrane  causes  a  rocking  of  the  malleus  about  the  per- 
ipherally attached  projection.  The  incus  is  rather  firmly  fastened  to  the 
malleus  so  that,  at  least  for  motions  of  small  amplitude,  the  two  bones  tend 
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to  vibrate  as  a  unit.  This  motion  causes  a  rocking  of  the  stapes,  which  is 
fastened  eccentrically  to  the  inner  ear  drum  covering  an  oval  window  in  the 
bony  inner  surface  of  the  middle  ear.  There  are  two  small  muscles  in  the 
middle  ear,  one  attached  to  the  malleus  and  one  to  the  stapes.  Contraction 
of  these  muscles  reduces  the  amplitude  of  the  vibrations  and  thereby  de- 
creases the  sensitivity  of  the  ear.  Contraction  is  usually  under  reflex  control, 
but  in  exceptional  cases  it  may  be  voluntary.  Below  the  oval  window  is 
another  opening,  the  round  window,  which  is  also  covered  by  a  membrane, 
the  auxiliary  ear  drum.  The  bones  of  the  middle  ear  do  not  make  contact 
with  the  membrane  of  the  round  window,  the  function  of  this  membrane 
being  to  relieve  the  pressure  exerted  on  the  inner  ear  by  the  stapes.  When 
the  covering  of  the  oval  window  is  pushed  inward  by  the  stapes,  the  cover- 
ing of  the  round  window  bulges  outward.  The  cavity  of  the  middle  ear  is 
connected  to  the  oral  cavity  by  the  eustachian  tube,  the  function  of  which 
is  to  equilibrate  air  pressure  of  the  middle  ear  with  that  of  the  environment 
and  to  serve  as  a  drainage  canal. 


TYMPANIC   ME 


Fig.  154.  Diagrammatic  representation  of  the  ear.  A,  Schematic  diagram  of  middle 
and  internal  ear.  The  oval  window  (unlabeled)  lies  above  the  round  window  and  con- 
tacts the  stapes.  B,  Schematic  diagram  of  the  ossicles  of  the  middle  ear,  showing  position 
of  various  members  at  rest  and  after  inward  displacement  of  tympanic  membrane.  Dotted 
lines  and  arrows  represent  path  of  sound  waves.   After  Stevens  and  Davis'"  from  Fulton.^" 

The  principal  function  of  the  middle  ear  is  to  transmit  sound  waves  from 
air  to  liquid.  Because  of  the  ratio  of  the  areas  of  the  tympanic  membrane 
and  the  stapes  (90  to  3.2  square  millimeters)  and  the  reduction  in  total  am- 
plitude of  vibration  (by  a  factor  of  2)  there  exists  a  very  considerable  in- 
crease (roughly,  50  times)  in  the  force  which  is  available  for  driving  the 
fluid  of  the  scala  vestibuli.  This  increase  in  force  is  of  the  proper  order  of 
magnitude  to  overcome  the  increase  in  the  greater  cross  sectional  impedance 
of  the  liquid  as  compared  with  air.  In  general,  the  middle  ear  seems  to  be 
a  very  efficient  system  for  transmitting  vibrations  from  air  to  liquid.  Lower 
animals  which  have  no  middle  ear  are  at  a  distinct  disadvantage. 

Inner  Ear.  The  inner  ear  is  a  Huid-filled  structure  housed  in  a  complex 
system  of  cavities  and  tunnels  known  as  the  osseous  labyrinth.  The  inner 
ear  has  two  functions:  detection  of  sound  and  detection  of  movement.  De- 
tection of  sound  is  accomplished  by  the  cochlea,  a  spiral  bony  labyrinth 
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which  is  divided  internally  by  membranes  to  form  three  long  spiral  canals. 
Detection  of  motion  is  accomplished  within  a  group  of  three  osseous  semi- 
circular canals,  more  or  less  at  right  angles  to  each  other,  each  of  which  con- 
tains a  membranous  canal  (Ch.  14,  p.  517).  These  two  osseous  labyrinths 
(cochlear  and  semicircular  canals)  open  into  a  cavity,  known  as  the  vestibule, 
which  is  separated  from  the  middle  ear  partly  by  bone  and  partly  by  the 
oval  window. 

Within  the  vestibule  are  two  membranous  sacs,  the  sacculus  and  the 
utriculus,  which  open  into  each  other.  1  he  utriculus  also  opens  into  both 
ends  of  the  three  membranous  semicircular  canals,  and  the  sacculus  is  also 
connected  to  the  cochlear  duct  or  scala  media,  the  middle  of  the  three  spiral 
canals  of  the  cochlea.  The  sacculus,  utriculus,  membranous  semicircular 
canals,  and  the  cochlear  duct  together  form  a  complete  membranous  laby- 
rinth, which  may  be  considered  as  a  loosely  fitting  lining  of  the  osseous 
labyrinth.  The  cavity  of  the  membranous  labyrinth  is  filled  with  a  fluid, 
the  endolymph,  and  the  space  between  the  membranous  labyrinth  and  the 
bone  is  filled  with  another  fluid,  the  perilymph.  The  two  fluids  are  not  in 
direct  contact  at  any  point;  however,  the  space  between  the  membranous 
labyrinth  and  the  bone  is  connected  by  means  of  the  perilymphatic  duct  with 
the  subarachnoid  space  of  the  brain,  and  the  cavity  of  the  membranous  laby- 
rinth is  connected  by  means  of  the  endolymphatic  duct  which  ends  blindly 
in  the  subarachnoid  space. 

STRUCTURE  OF  THE  COCHLEA.  In  general  appearance  the  cochlea  resem- 
bles a  snail  shell  with  two  and  three-quarters  turns  to  the  spiral.  It  is  about 
5  mm,  in  diameter  at  the  base  and  measures  about  9  mm.  from  base  to  apex. 
There  is  a  central  bony  structure,  the  modiolus,  around  which  the  spiral 
cavity  is  wound.  This  cavity  is  separated  into  three  spiral  canals  by  two  mem- 
branes: (1)  the  basilar  membrane,  broadest  at  the  apex  and  narrowest  at 
the  base  and  held  under  some  tension;  and  (2)  Reissner's  membrane,  a  very 
thin,  delicate  structure  which  spirals  on  the  apical  or  upper  side  of  the  basilar 
membrane.  These  two  membranes  extend  throughout  most  of  the  length 
of  the  spiral  but  join  each  other  and  then  stop  just  short  of  the  apex,  thereby 
lea\'ing  the  upper  and  lower  spirals  joined  by  a  small  opening. 

A  cross  section  of  one  of  the  spirals  of  the  cochlea  is  shown  in  Fig.  155,  A. 
Ihe  middle  canal  contains  a  relatively  complex  formation  of  sensory  and 
supportive  cells,  known  as  the  organ  of  Corti,  attached  to  the  basilar  mem- 
brane. Above  the  organ  of  Corti  is  the  tectorial  membrane  which,  in  the 
living  animal  but  usually  not  in  fixed  material,  is  probably  closely  applied, 
and  perhaps  loosely  attached,  to  hairlike  processes  of  the  sense  cells  which 
lie  just  below.  I'here  are  four  rows  of  sense  cells,  one  inner  row,  toward  the 
modiolus,  and  three  outer  rows.  The  organ  of  Corti  consists  of  the  sense  cells 
plus  their  ner\'e  connections  and  supportive  structure.  There  is  a  firm  support- 
ing framework  above  the  sense  cells,  consisting  of  two  pillars  lying  between 
the  inner  and  outer  rows  of  hair  cells  to  which  is  attached  a  semirigid  but 
porous  membrane,  the  reticular  lamina. 

Vibrations  are  transmitted  by  the  stapes  to  the  perilymph  of  the  vestibule 
through  the  membrane  of  the  oval  window  and  from  there  to  the  perilymph 
of  the  lower  canal.     Reissner's  membrane  is  very  thin  and  delicate  and  offers 
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almost  no  resistance  to  the  vibrations  which  pass  into  the  endolymph.  Vibra- 
tion of  the  basilar  membrane  causes  a  movement  of  the  hairhke  processes  of 
the  sense  cell  against  the  tectorial  membrane,  thereby  probably  giving  rise 
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FiK-  155.  A,  Vertical  section  of  the  human  cochlea  showing  the  organ  of  Corti  and 
adjacent  structures.  B,  The  organ  of  Corti  and  the  basilar  membrane  in  greater  magnifica- 
tion. (Alter  Rasmussen,  from  Fulton/''). 

to  stimulation  of  the  sense  cell.  The  sense  cells  are  supplied  with  dendrites 
ol  ganglion  cells  of  the  auditory  branch  of  the  eighth  cranial  nerve,  whose 
cell  bodies  arc  contained  in  a  sj^iral  ganglion  located  in  the  modiolus. 
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Function:  The  Microphonic  Effect.  Movement  of  the  hair  cells  against 
the  tectorial  membrane  gives  rise  to  a  voltage  change  across  the  sense  cells. 
The  free  ends  of  the  sense  cells  become  negative  to  the  basal  ends  whenever 
the  basilar  membrane  is  moved  upward.  This  voltage  change  may  be  re- 
corded from  various  parts  of  the  bony  structure,  including  the  round  and  oval 
windows.  This  voltage  change  of  the  sense  cells  is  referred  to  as  the  "micro- 
phonic effect"  of  the  cochlea.''-*  The  microphonic  effect  provides  a  method 
of  determining  the  frequency  sensitivity  range  of  the  cochlea  of  an  animal. 

The  microphonic  effect  can  be  distinguished  from  the  nerve  impulses  by 
a  variety  of  criteria:  a  short  latency  of  0.1  msec,  as  opposed  to  0.7  msec,  for 
nerve;  absence  of  refractory  period;  resistance  to  fatigue,  cold,  anesthesia,  and 
ischemia;  ability  to  follow  notes  close  to  the  upper  limit  of  hearing  (16,000 
cycles  per  second);  and  ability  to  follow  faithfully  the  form  of  the  incident 
sound  waves.  These  characteristics  lead  to  the  assumption  that  the  micro- 
phonic effect  is  comparable  to  that  of  an  electrical  transducer  which  passively 
converts  mechanical  energy  into  electrical  energy  in  very  much  the  same 
manner  as  movement  of  the  needle  in  a  phonograph  pickup  causes  distortion 
of  a  piezo-electric  crystal,  thereby  producing  voltage  change. 

Stimulation  of  the  Nerve.  There  are  two  theories  concerning  the  mechan- 
ism by  which  movement  of  the  hair  cells  gives  rise  to  impulses  in  the  audi- 
tory nerve:  (1)  through  the  microphonic  effect,  and  (2)  through  a  chemical 
mediator.    At  present,  evidence  is  not  conclusive  for  either  theory. 

The  electrical  theory  assumes  that  the  voltage  of  the  microphonic  effect  is 
the  stimulating  agent.  Evidence  for  this  theory  consists  of  the  fact  that  all 
nerve  fibers  can  be  stimulated  electrically,  and  the  voltage  of  the  micro- 
phonic effect  seems  adequate  for  the  purpose.  The  utter  simplicity  of  this 
explanation  is  most  appealing.  Furthermore,  from  a  study  of  the  timing  of 
the  microphonic  effect  and  the  nerve  impulses  produced  by  a  volley  of  sound 
waves,  it  can  be  demonstrated  that  the  latency  of  the  impulse  is  constant  only 
if  it  is  assumed  that  stimulation  is  associated  with  the  negative  phase  of  the 
microphonic  effect,  i.e.,  when  the  basilar  membrane  is  moving  up  and  the 
stapes  out. 

Evidence  that  is  often  cited  against  the  electrical  theory  is  the  long  latent 
period,  which  is  usually  0.6  msec,  or  longer.  If  properties  of  the  auditory 
nerve  are  similar  to  those  of  other  nerves  the  latency  should  not  exceed  0.1 
msec.  If  we  ascribe  0. 1  msec,  to  latency  of  response  and  the  rest  of  the  latent 
period  to  conduction  time,  then  the  rate  of  the  impulse  in  the  unmyelinated 
portion  of  the  nerve  fiber  (30  microns  long)  would  be  less  than  10  meters 
per  second.  However,  there  seems  to  be  no  real  necessity  of  limiting  the 
latency  to  0.1  msec.  At  synapses,  stimulation  is  delayed  in  exactly  the  same 
manner  and  for  the  same  approximate  times  as  at  the  sense  cell-neural 
junction  in  the  ear,  and  probably  for  the  same  reason. 

The  theory  of  a  chemical  mediator  assumes  that  a  chemical  substance  is 
released  by  the  sense  cell  under  the  influence  of  distortion  in  shape  and  that 
this  chemical  substance  brings  about  the  stimulation  of  the  nerve.  This 
theory  permits  one  to  account  for  the  long  latent  period,  but  so  far  there  is 
no  proof  for  the  existence  of  the  mediator.  If  this  theory  could  be  proved, 
then  the  microphonic  effect  might  be  demonstrated  to  be  purely  incidental  to 
the  process  of  stimulation. 
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In  general,  it  seems  that  stimulation  of  the  dendrites  by  sense  cells  may  not 
differ  from  stimulation  of  axons  by  dendrites  of  synapses.  In  both  phenomena 
the  principal  evidence  against  the  electrical  theory  is  the  delay  of  the  im- 
pulse, and  for  this  there  seems  to  be  an  adequate  explanation. 

The  Range  of  Hearing.  The  normal  human  ear  is  sensitive  to  vibrations 
of  frequencies  between  16  and  20,000  cycles  (or  20  kilocycles— 20  kc.)  per 
second.  At  extremely  high  intensities  the  range  has  been  reported  even  as 
low  as  1  cycle  per  second.  Data  showing  the  thresholds  at  various  frequen- 
cies as  determined  by  numerous  investigators  are  shown  in  Fig.  156.  The 
threshold  is  minimal  at  1000  to  1500  cycles;  at  100  cycles  or  at  15,000  cycles 
it  is  40  to  50  db  higher  on  the  pressure  scale  (in  which  20  db  denotes  a  ten- 
fold increase  in  energy). 
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Fig.  156.  The  minimum  audible  pressure  at  the  ear  drum  as  a  function  of  frequency,  as 
determined  by  various  investigators.  After  Sivian  and  White,"  from  Stevens  and  Davis." 

At  the  threshold  of  hearing  the  amplitude  of  vibration  of  the  tympanic 
membrane  (calculations  of  Wilska,^'^  Fig  157)  is  less  than  10'**  cm.  at  3000 
cycles,  and  is  lO'*^  cm.  at  1000  cycles.  This  represents  an  extremely  high 
sensitivity  to  mechanical  movement  which  is  especially  apparent  when  one 
considers  that  the  wave  length  of  green  light  is  about  5  X  10''^  cm.  and  the 
diameter  of  a  hydrogen  molecule  is  only  somewhat  more  than  10'**  cm. 
Since  the  amplitude  of  vibration  of  the  basilar  membrane  is  less  than  that 
at  the  ear  drum,  it  appears  that  the  basilar  membrane  is  sensitive  to  move- 
ments of  10"^*^  cm.,  a  distance  equal  to  less  than  1  per  cent  of  the  diameter 
of  a  hydrogen  molecule! 

The  Mechanism  of  Frequency  Discrimination.  The  human  ear  not  only 
is  sensitive  to  the  frequency  range  of  16  to  20,000  cycles,  but  it  is  able  to  dis- 
tinguish between  tones  of  different  frequencies.  At  an  intensity  of  40  db 
there  are  about  1500  recognizable  differences  in  tone  between  20  and  20,000 
cycles;  at  60  db  the  number  is  about  1800. 

It  can  be  demonstrated  in  a  variety  of  ways  that  the  base  of  the  cochlea, 
i.e.,  the  part  next  to  the  middle  ear,  is  sensitive  to  vibration  of  high  frequen- 
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cies,  that  the  region  toward  the  apex  is  sensitive  to  vibration  of  low  frequen- 
cies, and  that  sensitivity  to  intermediate  frequencies  is  distributed  throughout 
the  spiral.  Maps  of  the  cochleas  of  man  and  guinea  pig  are  shown  in  Fig. 
158.  Men  and  guinea  pigs  are  sensitive  to  vibrations  of  about  the  same 
frequency  range,  but  the  guinea  pig  has  one  additional  turn  to  the  spiral. 

The  allocation  of  response  to  particular  frequencies  to  definite  positions 
along  the  cochlea  is  usually  referred  to  as  the  "place  theory"  of  hearing. 

Evidence  for  the  place  theory  consists  of  the  following:  (1)  Long  exposure 
to  loud  tones  of  a  given  frequency  destroys  the  organ  of  Corti  at  the  corre- 
sponding place  on  the  map  in  Figure  158.  (2)  Injections  into  the  cochlea 
at  various  points  along  the  spiral  of  drugs  which  are  destructive  to  the  organ 
of  Corti  will  decrease  the  cochlear  microphonics  produced  by  the  correspond- 
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Fig.  157.  Curve  showing  the  calculated  relation  between  the  amplitude  of  vibration 
of  air  molecules  in  a  sound  wave  at  threshold  pressure.  The  circles  show  the  amplitude 
of  vibration  of  the  ear  drum.   (After  Wilska,"'  from  Stevens  and   Davis.'") 


ing  frequencies  to  which  the  particular  areas  are  sensitive.  (3)  In  human 
high  tone  deafness  there  is  a  degeneration  either  of  the  organ  of  Corti  near 
the  base  of  the  cochlea  or  of  the  nerve  fibers  supplying  this  region.  (4)  Coch- 
lear microphonics  are  recorded  with  greater  voltage  near  the  apex  in  response 
to  low  tones  and  near  the  base  in  response  to  high  tones.  The  region  where 
each  frequency  produces  the  highest  voltage  may  also  be  mapped  by  moving 
the  recording  electrode  along  the  outside  of  the  spiral.  Furthermore,  de- 
struction or  disturbance  of  certain  regions  of  the  organ  of  Corti  by  drilling 
into  the  cochlea  produces  a  rise  in  threshold  for  the  cochlear  microphonics 
at  the  corresponding  frequencies.  (5)  It  has  been  demonstrated"  that  single 
fibers  of  the  auditory  nerve  are  stimulated  most  easily  by  waves  of  a  given 
frequency,  less  easily  by  adjacent  frequencies,  and  very  much  less  easily 
(threshold  30  db  or  higher)  by  frequencies  differing  by  an  octave  or  more 
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(Fig.  159).  (6)  Integration  of  curves  for  data  on  the  just-perceptible-dif- 
ference  tones  as  a  function  of  frequency  yields  a  curve  which  can  be  super- 
imposed on  a  plot  of  the  position  of  the  sensitive  region  as  detected  by  the 
drilling  experiments  mentioned  in  (4)  above  as  a  function  of  frequency. 
This  should  be  expected  if  the  minimal  detectable  difference  in  frequency 
corresponds  to  the  minimal  detectable  distance  between  two  adjacent  regions 
of  excitation,  and  if  this  distance  is  constant  throughout  the  length  of  the 
cochlea.  Since  the  sense  cells  are  about  the  same  size  throughout  the  length  of 
the  cochlea  the  latter  assumption  seems  reasonable.  (7)  The  mass  of  vibrat- 
ing material  along  the  path  of  a  sound  wave  from  oval  to  round  window  is 
much  less  if  the  wave  passes  through  the  basilar  membrane  near  the  base 
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Fig.  158.  Upper:  Curve  of  intensity  of  stimulation  necessary  to  elicit  a  just-measurable 
microphonic  response  from  a  cochlea  which  has  sustained  an  injury.  Lower:  Map  of  the 
cochlea  of  the  guinea  pig,  indicating  localization  of  pitch  reception.  This  map  is  recon- 
structed from  data  of  20  experiments  similar  to  that  shown  above,  together  with  histo- 
logical examination  of  basilar  membrane  damage.  The  pitch  localization  map  for  man  is 
deduced  from  the  guinea  pig  data.    (After  Stevens,  Davis  and  Lurie*"  from  Fulton.") 

than  if  it  passes  near  the  apex.  Since  the  natural  frequency  of  a  vibrating 
system  increases  with  reductions  in  mass,  the  natural  frequency  of  the  path 
through  the  basal  region  is  higher  than  that  through  a  region  near  the  apex. 
In  general,  there  seems  to  be  no  reason  for  doubting  the  place  theory  of  the 
hearing  mechanism. 

Transmission  in  the  Nervous  System.  If  we  assume  that  each  cross  row 
of  hair  cells  (e.g.,  each  such  row  usually  consisting  of  one  inner  and  three 
outer  hair  cells),  because  of  the  geometry  and  physical  character  of  its  sur- 
roundings, is  most  sensitive  to  one  frequency,  then  the  next  step  in  an  ex- 
planation of  the  hearing  mechanism  is  to  show  how  information  concerning 
stimulation  of  these  cells  is  transmitted  to  the  brain.  Ihcre  are  about  3500 
hair  cells  on  the  inner  row  and  about  20,000  equally  distributed  among  the 
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three  outer  rows.  The  neurones  of  the  auditory  nerve  are  bipolar,  have 
their  cell  bodies  in  the  spiral  ganglion  which  lies  within  the  modiolus,  and 
are  between  25,000  and  29,000  in  number.  Each  inner  hair  cell  is  innervated 
by  one  or  two  nerve  fibers,  and  each  of  these  nerve  fibers  is  connected  to  one 
or  two  hair  cells.  The  external  hair  cells,  however,  have  a  multiple  innerva- 
tion. A  nerve  fiber  may  connect  with  many  external  hair  cells,  which  are 
arranged  over  as  much  as  one-half  a  turn,  and  each  hair  cell  may  be  connected 
to  several  nerve  fibers  (Fig.  155).  The  inner  hair  cells,  because  of  their 
connections  to  only  one  or  two  dendrites,  may  be  used  for  more  exact  dis- 
crimination of  frequency  than  the  more  numerous  outer  hair  cells. 

The  axons  of  the  ganglion  cells  form  the  cochlear  branch  of  the  eighth 
cranial  nerve.  The  fibers  of  this  nerve  are  twisted  around  each  other  in  a 
very  orderly  fashion,  somewhat  like  the  fibers  of  a  rope.     Those  from  the 
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Fig.  159.  Curves  showing  the  frequency  response  of  four  different  auditory  nerve  fibers 
as  a  function  of  intensity.  Note  that  the  range  of  frequencies  capable  of  exciting  a  given 
fiber  increases  with  increasing  intensity'.   After  Galambos  and  Davis,^'  from  Fulton. ^^ 


region  about  one  fourth  of  the  length  from  the  basilar  membrane  are  not 
twisted  and  form  the  core  of  the  rope.  Those  coming  from  the  apex  are 
twisted  in  one  direction  and  those  from  the  base  are  twisted  in  the  other. 
The  genesis  of  this  arrangement  is  readily  understood  from  an  embryological 
viewpoint,  for  the  fibers  merely  follow  the  organ  of  Corti  as  it  grows  into  its 
final  spiral  form. 

On  entering  the  dorsolateral  wall  of  the  pons  at  its  junction  with  the 
medulla,  the  axons  of  the  cochlear  nerve  pass  to  the  cochlear  nuclei.  From 
the  dorsal  and  ventral  cochlear  nuclei  impulses  pass  by  way  of  the  lateral 
lemniscus  to  the  inferior  colliculus  of  the  midbrain  and  through  the  medial 
geniculate  body  to  the  temporal  lobe  of  the  cerebral  cortex.  Local  exploration 
of  each  of  the  stations  of  the  auditory  pathway  indicates  fairly  precise  pro- 
jection of  the  cochlea. 
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Intensity  Discrimination.  The  mechanism  for  the  perception  of  intensity 
is  apparently  dual."  With  increasing  intensity  of  a  given  frequency  there 
is:  (1)  an  increase  of  the  frequency  of  impulses  in  single  nerve  fibers,  espe- 
cially for  high  frequencies;  (2)  an  increase  in  the  number  of  fibers  which 
carry  impulses.  As  the  vibrations  increase  in  amplitude  a  wider  and  wider 
band  of  sense  cells  responds.  At  low  frequencies  the  impulses  of  a  single 
fiber  have  a  one-to-one  correspondence  to  the  pressure  waves  of  the  stimulus. 
This  is  true  below  500  cycles  for  the  initial  waves  and  at  the  frequency  of 
200  cycles  with  equilibration.  However,  above  these  sound  frequencies  the 
frequency  of  impulses  varies  with  intensity.  For  example,  at  7000  cycles 
(Fig.  160)  the  frequency  of  discharge  of  a  single  fiber  may  increase  from 
less  than  10  to  as  much  as  135  per  second  as  the  intensity  is  increased  from 
-82  to  -30  db  below  a  given  reference  level.  It  can  also  be  seen  from  Figure 
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Fig.  160.  Curves  showing  the  relation  between  frequency  of  spike  potential  discharge 
of  a  single  auditory  nerve  fiber  and  the  intensity  and  frequency  of  the  sound  stimulus. 
Note  that  with  increasing  intensity  the  fiber  responds  to  a  greater  frequency  band,  and, 
at  each  frequency,  with  a  greater  frequency  of  spike  potential  discharge.  After  Galambos 
and  Davis,"  from  Fulton  .^^ 

160  that  although  this  one  fiber  was  responsive  only  at  frequencies  very  close 
to  7000  cycles  at  -78  and  -82  db  it  was  responsive  to  all  frequencies  between 
5000  and  8000  at  -20  db,  with,  however,  a  maximal  response  still  at  7000. 
Sound  Localization.  One  important  function  of  the  human  ear,  in  addi- 
tion to  discrimination  of  frequency  and  intensity,  is  that  of  localization  of 
the. source  of  sound.  A  person  with  normal  hearing  is  able  to  locate  sounds 
with  a  surprising  degree  of  accuracy.  This  is  possible  even  with  very  com- 
plex sounds,  such  as  that  of  a  symphony  orchestra,  during  which  even  a  blind 
listener,  if  he  is  close  to  the  orchestra,  is  able  to  locate  the  various  instruments. 
Such  localization  is  largely  a  function  of  the  intensity  differences  and  of  the 
phase  differences  of  the  sound  waves  as  they  strike  the  two  ears.  For  all 
tones  above  500  cycles  and  especially  for  those  above  5000  cycles,  one  ear  may 
be  in  the  "shadow"  of  the  head.    For  a  tone  of  10,000  cycles  loudness  diflfer- 
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ences  in  the  two  ears  may  be  as  much  as  30  db,  thereby  contributing  materially 
to  the  problem  of  localization.  A  phase  difference  means  that  the  sound 
pressure  reaches  a  maximum  at  one  ear  shortly  before  it  does  at  the  other  ear. 
This  should  give  rise  to  time  differences  of  nerve  impulses  in  corresponding 
nerve  fibers  from  the  two  ears,  especially  for  low  frequency  sounds,  i.e.,  below 
800  cycles.  Some  individuals  are  very  sensitive  to  this  "phase  effect,"  and 
others  are  apparently  insensitive.  In  general,  for  localization  the  phase  ef- 
fect seems  to  be  more  important  at  low  frequencies,  and  the  intensity  effect 
at  high. 


PHONORECEPTION  BY  OTHER  VERTEBRATES 

In  lower  vertebrates  the  hearing  mechanism  is  not  nearly  so  well  devel- 
oped as  it  is  in  mammals.  From  a  very  slight  development  in  certain  fishes 
it  is  possible  to  trace  phylogenetic  series  showing  the  development  of  the  audi- 
tory organ  (Fig.  161).  The  sacculus  and  semicircular  canals  are  found  in 
cyclostomes  and  in  all  higher  chordates.     Hagfishes,  however,  have  only  one 
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Fig.  161.  The  labyrinths  of  various  vertebrates.  A,  fish;  B,  turtle;  C,  bird;  D,  mammal. 
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canal,  and  lampreys  have  two;  all  higher  fishes  and  higher  vertebrates  have 
three.  There  is  little  if  any  differentiation  of  an  auditory  mechanism  in  the 
cyclostomes.  In  most  fishes  the  sacculus  has  a  small  evagination  which  is 
known  as  the  lagena  and  which  is  supplied  by  a  separate  branch  of  the  eighth 
cranial  nerve.  In  fishes  of  the  suborder  Ostariophysina  and  in  amphibia  the 
lagena  is  larger,  in  reptiles,  birds,  and  mammals  it  has  become  the  cochlear 
duct.  The  middle  ear  containing  a  single  ossicle  is  first  found  in  amphibians 
and  has  developed  into  the  highly  efficient  structure  with  three  ossicles  found 
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in  mammals.  However,  the  same  three  bones  are  found  in  fishes,  in  which 
they  are  known  as  the  Weberian  ossicles  and  connect  the  air  bladder  to  the 
inner  ear. 

Fishes.  In  fishes  only  the  vestibule  and  semicircular  labyrinths  are  present, 
and  they  have  the  dual  function  of  determining  equilibrium  and  of  serving 
as  primitive  auditory  organs.  There  is  no  middle  ear.  The  sacculus  of  the 
trout  is  large,  and  there  are  three  semicircular  canals.  The  sacculus  of  fishes 
generally  has  two  small  evaginations,  the  utriculus  and  the  lagena.  There  are 
usually  statoliths  in  all  three  divisions,  and  these  statoliths  are  especially  well 
developed  in  fish  which  produce  sounds.  The  drumfishes,  Aplodonitus  and 
Sciaena  aquila,  have  large  statoliths,  and  Sciaena  has  been  reported  as  being 
heard  six  feet  above  the  water  when  it  was  swimming  sixty  feet  below  the 
surface.  The  sounds  of  the  drumfishes  are  produced  by  movements  of  the 
air  bladder,  and  since  they  are  produced  primarily  by  the  males  during  the 
mating  season  it  seems  very  likely  that  they  are  perceptible  to  the  females  of 
the  same  species. 

There  has  been  much  contradictory  evidence  concerning  whether  fish  can 
hear.  Most  of  the  negative  evidence,  however,  is  based  on  experiments  in 
which  fish  did  not  respond  to  sounds  produced  in  air.  This  is  often  due  to 
the  fact  that  the  air-water  surface  is  almost  a  perfect  reflector  for  sound  waves, 
and  therefore  sounds  produced  above  water  are  usually  reflected  rather  than 
transmitted  to  the  water.  A  man  swimming  under  water  may  not  be  able 
to  hear  a  pistol  shot  in  air  nearby,  but  he  usually  can  hear  sounds  made  by 
someone  kicking  the  bottom  of  a  nearby  boat,  or  sounds  made  by  knocking 
two  rocks  together  under  water.  Likewise,  sounds  made  by  tapping  the  sides 
of  an  aquarium  may  readily  produce  a  response  in  fishes. 

Zotterman^^  measured  a  microphonic  effect  in  the  macular  region  of  the 
sacculus  of  the  pike,  Esox  lucius,  and  of  the  burbot.  Lota  vulgaris.  He  stimu- 
lated the  ear  with  the  tone  produced  by  a  60  cycle  tuning  fork  and  recorded 
a  "macula  effect"  comparable  to  the  microphonic  effect  in  the  mammalian 
ear.  He  also  recorded  nerve  impulses  when  the  ear  was  rotated  in  one  direc- 
tion in  the  plane  of  a  semicircular  canal;  with  opposite  rotation  a  response 
occurred  only  at  cessation.  The  existence  of  the  macula  effect  demonstrates 
that  there  is  probably  a  mechanism  for  receiving  sound  of  low  frequencies. 

On  the  basis  of  behavior  there  is  considerable  evidence  that  fish  have  a 
high  ability  to  hear  sounds  in  water.  Parker'^"-  '-^^  demonstrated  that  dogfish 
are  responsive  to  tapping  of  the  aquarium,  and  that  the  reaction  persists 
after  cutting  of  nerves  to  the  skin  and  lateral  line.  Cutting  of  the  eighth 
cranial  nerve,  however,  made  the  fish  almost  completely  insensitive  to  sound. 
In  the  squeteague  QCynoscion')  the  same  phenomenon  could  be  demon- 
strated."*^ Moreover,  in  Cynoscion  the  sacculus  is  separate  from  the  utriculus 
and  semicircular  canals,  and  Parker  was  able  to  show  that  after  destruction 
of  the  utriculus  and  canals  the  fish  still  responded  to  sounds,  although  it 
lacked  control  of  its  equilibrium.  Destruction  of  the  sacculus  alone  was  not 
possible,  but  a  pin  thrust  into  the  large  saccular  statolith  greatly  reduced  sensi- 
tivity to  tapping. 

Bull,'^  by  means  of  conditioned  reflexes,  has  been  able  to  demonstrate  that 
eels  are  sensitive  to  a  submerged  342  cycle  buzzer,  and  that  wrasse  will  re- 
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spond  either  to  the  buzzer  or  to  a  128  cycle  tuning  fork.  The  blenny,  how- 
ever, responds  to  neither.  Stetter'*''  demonstrated  that  minnows,  golden  orfe, 
goldfish,  barbels,  miller's  thumbs,  and  catfish  respond  to  high  notes,  the  min- 
now to  frequencies  as  high  as  4000  cycles,  and  the  catfish  to  frequencies 
as  high  as  13,000.  With  use  of  the  conditioned  response  method,  it  was  found 
that  two  frequencies  about  an  octave  apart  could  be  remembered  and  distin- 
guished, and  the  best  fish  learned  even  to  discriminate  a  minor  third.   Some 
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Fig.  162.  Sections  of  labyrinth  of  the  trout.  A,  Cross  sections  through  the  utriculus. 
B,  Cross  section  through  the  sacculus.  C,  Cross  section  through  the  lagena.  The  statoliths 
are  black.  From  von  Frisch." 


fish  were  able  to  remember  as  many  as  five  tones.  In  goldfish  Manning-^ 
showed  that  removal  of  saccule  and  lagena  reduced  the  upper  limit  of  response 
from  2752  to  688  cycles  and  that  additional  removal  of  the  utriculus  reduced 
the  upper  limit  to  344  cycles.  Stipetic^^  demonstrated  that  the  fresh-water  fish 
Gnathonsemus  were  sensitive  to  frequencies  of  as  high  as  370  or  392  cycles 
and  could  discriminate  between  intervals  of  a  minor  third  (frequency  ratios 
of  1.2  to  1.0). 
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In  fishes  of  the  suborder  Ostariophysina  (carps,  catfishes,  characins,  and 
gymnotids)  the  lagena  is  large  and  contains  a  very  large  statolith.  In  the  non- 
Ostariophysina  both  the  lagena  and  the  statolith  are  smaller.  The  statoliths 
of  the  sacculus,  utriculus,  and  lagena  of  both  the  Ostariophysina  and  non- 
Ostariophysina  are  attached  loosely  by  two  marginal  membranes  to  the  wall 
of  the  vesicle  in  such  a  way  that  they  are  free  to  vibrate.  As  they  vibrate  they 
make  contact  with  the  sensory  epithelium.  This  relationship  is  shown  in 
Figure  162. 


Fig.  163.  The  coupling  between  the  air  bladder  and  the  labyrinth  by  means  of  Weber's 
ossicles  in  the  Ostariophysina.  Weber's  ossicles,  black.    Redrawn  from  v.  Frisch." 

In  the  Ostariophysina  hearing  is  very  acute,  and  the  air  bladder  is  con- 
nected to  the  auditory  organ,  particularly  to  the  sacculus,  by  a  chain  of  bones, 
the  Weberian  ossicles  (Fig.  163).  This  bony  connection  makes  it  possible 
for  the  air  bladder  to  function  as  a  hydrophone  which  picks  up  pressure  waves 
over  a  wide  surface  of  the  body  wall  and  transmits  them  to  the  ear  by  means 
of  the  ossicles.  These  ossicles  are  homologous  to  the  bones  of  the  mammalian 
middle  ear,  but  are  embedded  in  tissue  rather  than  suspended  in  the  air,  as 
in  mammals.  The  saccular  statolith  is  especially  modified  for  the  reception 
of  sound  waves  directed  toward  it  by  this  bony  mechanism,  which  is  responsi- 
ble for  the  high  sensitivity  of  these  fishes. 

That  the  lateral  line  organs  of  fishes  participate  in  reception  of  low-fre- 
quency sound  waves  has  been  demonstrated  by  Parker  and  Van  Heusen^- 
and  Hoagland--.  Parker  and  Van  Heusen  showed  that  the  lateral  line  organs 
of  catfish  are  stimulated  by  sonic  vibrations  up  to  344  cycles  per  second,  as 
evidenced  by  absence  of  the  response  of  the  fish  to  auditory  stimuli  in  the 
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absence  of  lateral  line  organ  participation.  Hoagland--  demonstrated  that 
the  typical  random  discharge  of  spike  potentials  in  lateral  line  organ  nerves 
of  catfish  is  synchronized  when  stimulated  with  100,  200,  and  250  cycles  per 
second,  but  that  the  frequency  of  synchronization  is  not  related  to  the  fre- 
quency of  the  sound  waves  except  at  low  frequencies. 

It  has  been  demonstrated  with  operative  methods  by  von  Frisch^'*  that  in 
minnows  the  seat  of  hearing  is  definitely  located  in  the  sacculus  and  lagena, 
which  are  sensitive  to  frequencies  of  32  to  5000  or  6000  cycles,  and  the  utri- 
culus  and  labyrinth  apparently  have  no  auditory  function.  Low  frequen- 
cies (below  100-150  cycles)  are  perceived  also  by  the  touch  receptors  of  the 
skin,  and  very  low  frequencies  (16  cycles)  by  the  touch  sense  only,  as  shown: 


Lower  limit 
16-32 


Upper  limit 
5000-6000 


Sensitivity  of  sacculus 
and  lagena 


Tone  C.     C,     C       c         c'  c'        c'  c'  c'  CP 

Frequency     16     32     65      129     259     517     1035     2069     4138  8277 

Sensitivity 

of  touch  sense 

of  skin 

Amphibia.  In  amphibia  the  lagena  is  slightly  longer  than  in  fishes  (Figs. 
164  and  165),  but  the  principal  new  development  is  the  middle  ear,  which  is 
found  in  the  Salienta  but  not  in  the  urodeles.   In  the  frog,  for  instance,  the 
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Fig.    164.     Diagrammatic    presentation    of    the    ear    of    Amblystoma,    as    seen 
from    the    posterior.     From    Adams.' 

middle  ear  consists  of  an  ear  drum,  an  air  cavity,  and  a  bony  rod,  the  col- 
umella, which  connects  the  drum  with  the  inner  ear.  This  is  an  adaptation 
for  transmitting  the  vibrations  of  air  to  the  ear  liquid,  and  therefore  serves 
the  same  function  as  the  middle  ear  of  man. 

Urodeles  are  commonly  considered  to  be  deaf.  However,  Ferhat-Akat^' 
has  demonstrated  by  means  of  training  experiments  that  Amblystoma  is  able 
to  respond  to  frequencies  as  high  as  194  to  244  cycles.  Extirpation  of  the 
labyrinth  reduced  this  limit  to  97-122  cycles.  The  lower  limit  of  response 
of  the  animal  was  not  determined,  but  it  was  shown  that  the  labyrinth  did 
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not  function  below  32  cycles.  The  mechanoreceptors  of  the  skin  are  ap- 
parently as  important  as  the  labyrinth.  Ferhat-Akat  also  demonstrated  that 
Amhlystoma  is  able  to  distinguish  between  frequencies  that  differ  in  pitch 
as  much  as  a  miisical  interval  of  a  fourth  or  a  fifth  (frequency  ratios  of 
132  :  1  and  1.50  :  1).  In  a  few  experiments  on  Salamander  maculosa 
larvae  he  showed  that  the  upper  limit  of  reaction  was  1035  cycles. 

Frogs  are  relatively  unresponsive  to  sounds,  but  they  may  have  an  acute 
sense  of  hearing.  Yerkes,"*'  on  the  basis  of  a  study  of  conditioned  reflexes, 
reported  that  frogs  can  hear  sounds  between  50  and  10,000  cycles,  but  he  did 
not  obtain  evidence  of  discrimination.     Yerkes'  frogs  continued  to  respond 
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Fig.  165.  Diagrammatic  presentation  of  the  ear  of  the  frog,  as  seen  from  the  posterior. 

From  Adams.^ 


after  removal  of  the  ear  drum  and  columella  but  not  after  cutting  of  the 
auditory  nerves.  Adrian,  Craik,  and  Sturdy'*  studied  the  microphonic  effect 
in  frogs  and  obtained  responses  between  50  and  300  cycles,  with  the  maxi- 
mum sensitivity  between  50  and  200.  Ross""'^  in  a  study  of  single  nerve  fiber 
preparations  observed  a  response  to  vibrations  of  about  100  cycles  per  second 
but  did  not  investigate  the  extent  of  the  range. 

Witschi''*^  demonstrated  that  during  the  early  development  of  tadpoles  the 
round  window  of  the  inner  ear  becomes  connected  with  a  bulge  of  the  lung 
sac  by  means  of  a  fibrous  cord.  This  cord  t)ecomes  cartilaginous,  pierces  the 
dorsal  aorta,  and  serves  as  an  aortic  columella  which  transmits  vibrations  to 
the  inner  ear.  In  this  respect  the  aortic  columella  functions  in  the  same  way 
as  the  Weberian  ossicles  of  fishes.  The  oval  window  serves  as  a  pressure  re- 
lease mechanism.  During  later  development  the  aortic  columella  disappears 
and  is  replaced  by  the  tympanic  columella,  which  develops  in  the  middle  ear 
and  makes  contact  with  the  oval  window.  The  round  window  then  serves 
as  a  pressure  release,  as  in  higher  forms. 
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Reptiles.  It  is  in  certain  reptiles  that  structures  characteristic  of  a  true  coch- 
lea make  their  first  appearance  (Figs.  161,  166).  In  alligators  the  lagena  is 
attached  to  two  sides  of  the  surrounding  cavity,  therehy  forming  three  ducts— 
the  scalae  vestihuli,  media,  and  tympani,— and  the  floor  of  the  lagena  forms 
the  basilar  membrane.  In  all  reptiles  other  than  snakes  there  is  a  middle  ear 
which  contains  a  bony  structure  similar  to  the  columella  of  frogs,  except  that 
it  usually  is  composed  of  two  bones.  The  tympanic  membrane  is  usually  de- 
pressed below  the  body  surface  to  form  an  external  auditory  meatus,  and  in 
alligators  there  is  even  a  skin  fold  which  may  serve  as  an  outer  ear.  Snakes 
have  no  middle  ear,  and  the  outer  end  of  the  columella  is  attached  to  the 
quadrate  bone  of  the  skull.  This  arrangement  makes  snakes  (even  the 
cobra!)  insensitive  to  air-borne  sounds  but  very  sensitive  to  earth-borne  vibra- 
tions, such  as  those  resulting  from  the  footfalls  of  approaching  animals. 
There  is  considerable  evidence  that  rattlesnakes  cannot  hear  their  own 
ratthng.^"'' 
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166.    Diagrammatic   presentation    of    the   ear   of   a    reptile,    as 
seen    from    the    posterior.      (Adams.') 


The  microphonic  effect  and  the  auditory  nerve  responses  of  reptiles  have 
been  studied  by  several  investigators.  Foa  and  Peroni^-'  recorded  impulses 
from  the  auditory  nerve  of  Thalassochelys.  Wever  and  Bray"'-^  found 
a  microphonic  effect  between  120  and  1000  cycles  for  Chrysemys  picta, 
with  a  high  response  below  500,  and  Adrian-  found  that  the  ear  of 
Cistudo  responded  only  to  the  narrow  band  of  80  to  130  cycles,  with  a  maxi- 
mum at  110  cycles,  and  the  impulse  frequency  of  the  nerve  was  the  same  as 
the  stimulating  frequency.  A  snake  gave  an  irregular  nerve  response  dis- 
charge in  response  to  earth-borne  vibrations  but  none  to  air-borne  sound. 
Adrian,  Craik,  and  Sturdy*  obtained  microphonic  and  nerve  responses  from 
tortoises,  box  turtles,  and  alligators.  The  range  of  the  microphonic  effect 
for  the  tortoise  was  50  to  300  cycles  with  a  maximal  sensitivity  of  50  to  200; 
that  for  the  box  turtle  was  50  to  2000  cycles,  with  a  maximum  between  200 
and  800;  the  range  for  the  alligator  was  50  to  4000,  with  a  maximum  between 
300  and  2500.  It  was  found  that  the  upper  limit  of  the  nerve  responses  varied 
with  temperature,  and  that  a  rise  in  temperature  from  9°  to  26°  C.  raised  the 
maximal  frequency  of  the  nerve  response  from  200  to  500  impulses  per  sec- 
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ond.  This  variation  with  temperature  makes  the  frequency  of  the  nerve 
impulses  relatively  inconstant  for  the  purpose  of  frequency  discrimination. 
Therefore,  as  pointed  out  by  these  investigators,  an  adequate  system  of  tem- 
perature regulation  seems  to  be  a  prime  prerequisite  for  frequency  discrimi- 
nation. 

The  lizards  Lacerta  and  Tachydromus  respond  to  sounds  up  to  8000  and 
10,000  cycles,  but  there  is  no  evidence  that  they  are  capable  of  frequency 
discrimination.'^'  ^^ 

Birds.  The  ear  of  birds  is  very  similar  in  structure  to  that  of  reptiles  (Fig. 
161  and  Fig.  167).  In  the  basilar  membrane  of  birds  there  are  only  3000 
fibers  (24,000  in  man)  and  there  are  20  to  30  hair  cells  (4  in  man)  in  each 
row  across  the  cochlea.    Therefore,  one  might  expect  a  lower  degree  of  fre- 
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Fig.  167.  Diagrammatic  presentation  of  the  ear  of  a  bird  (Gallus),  as  seen  from  the 
posterior.  From  Adams.^ 


quency  discrimination  and  perhaps  a  lower  frequency  range  than  that  of 
man.  However,  there  is  good  evidence^"*  that  parrots  and  crossbills  (Loxifl 
curvirostra')  have  a  frequency  range  of  40  to  14,000  cycles,  and  a  sense  of 
frequency  discrimination  approximately  equal  to  that  of  man.  Wever  and 
Bray'*-'^  demonstrated  a  microphonic  effect  in  the  pigeon  for  the  range  of  100 
to  lb,000  cycles. 

In  general,  the  hearing  of  birds  is  as  well  developed  as  that  of  mammals. 
The  ability  of  birds  to  discriminate  frequencies  is  apparent  to  anyone  who  has 
watched  birds  respond  to  the  call  of  their  mates  or  to  signals  of  alarm  from 
birds  of  the  same  or  of  different  species.  A  walk  through  any  bird  nesting 
ground  during  the  breeding  season  provides  ample  evidence  of  both  hearing 
and  frequency  discrimination.  This  is  also  obvious  in  the  mimicry  of  cer- 
tain birds  (e.g.,  mockingbirds  and  catbirds)  which  copy  the  sounds  of  other 
birds,  and  in  the  mimicry  of  parrots  which  copy  human  speech.  Birds  are 
also  capable  of  accurate  localization  of  sound,  provided  both  ears  are  normal 
and  uncovered. 
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Mammals.  In  all  mammals  the  cochlea  is  highly  developed,  and  in  all 
mammals  that  are  not  completely  aquatic  the  middle  car  contains  three  os- 
sicles similar  to  those  of  man  and  an  external  ear  is  usually  present  (Fig.  168). 
The  cochlea  is  always  coiled,  but  the  number  of  turns  has  no  apparent  rela- 
tion to  the  size  or  intelligence  of  the  animal.  The  duck-billed  platypus  has 
a  quarter  turn;  the  whale  has  1.5  turns,  the  horse  2,  man  about  2.75,  cat  3,  pig 
and  guinea  pig  nearly  4,  and  the  South  American  "paca"  (^Coelogenys}  5. 

Many  mammals  are  sensitive  to  frequencies  above  the  range  of  human 
hearing,  i.e.,  in  the  so-called  "ultrasonic"  range.  Pavlov'^'^  demonstrated  that 
dogs  have  a  wide  frequency  range  and  a  power  of  frequency  discrimination 
at  least  equal  to  that  of  man.     We  now  know  that  the  upper  limit  for  dogs 


Fig.  168.  Diagrammatic  presentation  of  the  ear  of  a  mammal  (rat)  as  seen  from  the 
anterior.  From  Adams. ^ 

is  about  35  kc,  and  "silent"  whistles  have  a  frequency  well  above  20  kc.  The 
upper  limits  for  some  other  mammals  are:  50  kc.  for  cats,  40  kc.  for  rats  and 
guinea  pigs,  33  kc.  for  chimpanzees,  and  at  least  98  kc.  for  bats. 

The  hearing  of  bats  is  especially  interesting  in  that  not  only  does  it  serve 
as  a  means  of  warning  of  the  approach  of  other  animals  and  as  a  means  of 
communication  between  individuals,  but  it  also  aids  flying  bats  to  locate 
objects  in  the  dark.  The  vision  of  bats  is  poor,  but  because  of  their  normal 
cave  habitats  and  their  nocturnal  habits  even  good  vision  would  be  of  litde 
use  in  the  avoidance  of  objects  while  flying.  Caves  which  have  sound-absorb- 
ing wafls  (e.g.,  lined  with  box  crystals)  are  usually  not  inhabited  by  bats. 

It  was  originally  proposed  by  Hartridge-'  that  bats  might  emit  ultrasonic 
cries  which  could  be  reflected  from  obstacles  and,  if  heard  by  the  bat,  could 
thereby  serve  as  a  sound  echo-ranging  device.   Through  binaural  localization 
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of  the  source  of  the  reflecting  material  a  bat  might  be  able  to  locate  an  object 
with  considerable  accuracy.  This  method  of  echo  location  is  directly  com- 
parable to  that  of  a  radar  ranger  and  localizer  which  broadcasts  pulses  of  very 
high  frequency  radio  waves  and  from  the  echo  permits  very  accurate  deter- 
mination of  both  the  distance  and  direction  of  a  reflecting  surface.  The  system 
of  the  bat  diff"ers  from  radar  primarily  in  that  the  waves  emitted  are  high  fre- 
quency sound  rather  than  high  frequency  radio  waves. 

Hartridge's  theory  of  avoidance  of  objects  by  bats  was  proved  in  a  series 
of  papers,  -"•  ^^-  ^^  and  has  since  been  confirmed  by  other  investigators. 
It  is  definitely  known  that  during  flight  bats  of  the  genera  Myotis,  Eptesicus, 
and  Pipistrelliis  emit  brief  cries  of  a  sound  frequency  between  30  and  70  kc. 
and  perhaps  also  of  higher  frequencies,  with  the  highest  intensity  usually 
at  50  kc.  Each  cry  has  a  duration  of  0.001  to  0.002  second,  and  the  cries 
are  emitted  about  10  times  a  second  when  the  bat  is  hanging  on  a  wall,  about 
30  times  per  second  when  it  is  flying  in  unobstructed  space,  about  50  times 
per  second  when  it  is  approaching  an  object,  and  usually  only  30  times  per 
second  just  before  it  flies  past  an  object.  The  frequency  of  each  cry  begins 
at  70  kc.  and  drops  to  30  kc.''*  The  emission  of  cries  is  facilitated  by 
modification  of  the  pharyngeal  ventricles  into  pockets  which  act  as  drumlike 
acoustic  resonators  for  ultrasonic  frequencies.  Bats  also  emit  audible  sounds 
of  7  kc.  and  audible  "clicks."  These  sounds  are  apparently  used  for  commu- 
nication with  each  other.  The  ultrasonic  frequencies  used  are  not  of  unusual 
occurrence  in  our  daily  life  (e.g.,  key  jingling,  up  to  98  kcr  air  moving 
through  a  small  opening,  up  to  80  kc),  but  bats  are  the  only  animals  known 
to  make  such  use  of  them. 

Bats  which  have  one  or  both  ears  covered  or  which  have  their  mouths 
covered  so  that  their  ability  to  receive  or  emit  sounds  is  impaired  are  unable 
to  avoid  obstacles  as  well  as  normal  bats  do.  In  fact,  such  bats  show  Httle 
inclination  to  fly  at  all,  whereas  normal  bats  can  fly  between  1  mm.  wires 
stretched  30  cm.  apart,  with  relatively  few  collisions.  In  studies  of  the 
microphonic  eff^ect  in  the  cochlea  Galambos  has  found  that  responses  are 
obtained  to  an  upper  limit  of  98  kc,  the  limit  of  the  apparatus  but  below 
that  of  the  bat. 

There  has  been  a  considerable  amount  of  discussion  recently  on  how  a  bat 
is  able  to  locate  objects  so  close  that  the  reflected  sound  would  be  heard  at 
almost  the  same  time  as  the  emitted  sound;  i.e.,  in  the  ear  the  cry  and  the 
echo  would  overlap.  For  instance,  a  bat  can  detect  a  glass  plate  at  a  distance 
of  2  feet.  One  suggestion  is  that  bats  might  use  the  "trailing  edge"  rather 
than  the  "leading  edge"  of  the  series  of  waves  which  constitute  a  cry.'" 
Others  are  that  bats  (1)  may  use  the  Doppler  eff'ect,  (2)  may  decrease  the 
duration  of  the  signal  as  they  approach  an  object,  or  (3)  may  have  the  ears 
screened  from  the  source,  i.e.,  from  the  larynx.-'  The  two  latter  possibilities 
seem  most  likely. 

PHONORECEPTION  BY  ARTHROPODS 

Receptors  in  Insects 
Aside  from  the  vertebrates,  the  insects  comprise  the  only  group  of  animals 
in  which  phonorcccption  has  been  intensively  studied.     I  lowever,  although 
insects  probably  comprise  the  only  group  in  which  it  is  highly  developed, 
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it  should  not  be  assumed  that  phonoreception  is  completely  unimportant 
in   the   life  of  other  arthropods. 

The  phonoreceptors  of  insects  are  of  two  general  types:  (1)  the  tympanic 
organs,  and  (2)  hair  sensilla.  The  tympanic  organs  are  highly  specialized 
structures  which  are  xery  sensitive  as  receptors,  especially  for  high  frequen- 
cies. Howe\er,  it  is  well  known  that  insects  which  possess  no  tympanic 
organs  are  sensiti\e  to  sound,  especially  to  low  frequencies,  and  this  sensi- 
tivity is  localized  in  hair  sensilla. 

Morphology  of  Tympanic  Organs.  A  tympanic  organ  consists  of  a  thin 
region  of  the  exoskeleton  which  acts  as  a  tympanic  membrane,  an  underlying 
air  sac,  and  the  sensory  elements  known  as  a  chordotonal  organ  or  scolopid- 
ium.    Tympanic  organs  are  paired  structures  which  occur  in  the  Orthoptera, 


Fig.  169.  Tympanal  organs  in  the  tibia  of  Locustids.  A,  Locusta  foreleg,  showing  the 
slit  openings  of  the  tympanal  sacs  (after  Weber'"').  B,  Transverse  section  of  anterior  tibia 
of  Dectycus,  through  the  tympanal  organ  (after  Schwabe*')-  c>  opening  on  surface  of 
tibia;  b,  blood  channel;  c,  tympanal  cavities;  d,  tracheae;  e,  blood  channel  with  muscles 
and  nerves;  f,  tympanum;  g,  rigid  wall  between  the  enlarged  tracheae;  Ji,  crista  acoustica, 
showing  one  chordotonal  organ;  i,  sense  cell.    From  Wigglesworth.* 

Hemiptera,  and  Lepidoptera.  Among  the  Lepidoptera  they  occur  only  in 
the  Noctuoidea,  Geometroidea,  and  Pyralidoidea,  and  they  are  found  either 
in  the  forepart  of  the  abdomen  or  in  the  metathorax  of  the  adult.  Among 
Hemiptera  they  are  probably  functional  only  in  adult  Cicadidae,  in  which 
they  occur  in  the  abdomen.  Among  Orthoptera  they  are  found  in  most 
species  of  Acridiidae,  Tettigoniidae,  and  Gryllidae.  In  grasshoppers  they 
occur  in  the  abdomen,  and  in  katydids  and  crickets  they  occur  near  the 
proximal  end  of  the  tibiae  of  the  first  pair  of  legs.  They  are  present  in  late 
nymphal  instars  but  probably  are  functional  only  in  adults. 
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The  tympanic  membrane,  when  located  on  the  body,  generally  lies  in 
a  cleft  which  forms  an  external  meatus  (Figs.  169  and  170),  and  it  may 
be  further  protected  by  the  folded  wings  or  the  femur  of  the  third  leg,  or 
both.  On  the  tibia  there  are  usually  two  tympanic  membranes  on  opposite 
sides  of  the  limb.  In  many  genera  these  membranes  are  protected  by  heavy 
folds  which  almost  completely  enclose  them  (Figs.  169,  170).  In  Gryllus 
the  membrane  is  completely  exposed,  but  is  associated  with  a  very  long 
and  prominent  hair  sensillum,  which,  on  slight  contact,  evokes  an  immediate 
avoiding  response  of  the  animal. 

The  chordotonal  organs  are  the  sensory  elements  of  the  tympanic  organ. 
On  the  basis  of  morphological  resemblance  the  term  "chordotonal  organ"  is 
also  applied  to  similar  structures  which  are  not  associated  with  a  tympanic 


Fig.  170.  Sections  through  thoracic  tympanal  organs  of  Catocala.  A,  Horizontal 
section.  B,  Detail  of  organ  on  left  side  (after  Eggers")-  «,  thorax;  h,  abdomen;  c,  tympanal 
pit;  d,  tympanum;  e,  tracheal  air  sacs;  f,  chordotonal  organs;  g,  nerve.  From  Wiggles- 
worth." 

organ  and,  at  least  in  some  cases,  do  not  have  an  auditory  function.  The 
noncommittal  term  "scolopidia"  is  also  applied  to  all  "chordotonal"  organs, 
regardless  of  whether  or  not  they  are  auditory.  The  non-auditory  scolopidia 
are  widespread  in  the  insect  body  and  are  found  in  the  legs,  antennae,  palps, 
wing  bases,  and  the  general  body  cavity.  At  least  one  end  is  fastened  to 
some  pliable  region  of  the  cuticle,  usually  the  intersegmental  membrane. 
Any  movement,  active  or  passive,  of  the  animal  which  results  in  a  relative 
change  in  the  position  of  two  segments  is  likely  to  cause  stimulation  of  such 
scolopidia;  they  are  also  sensitive  to  external  pressure,  pressure  or  tension 
of  nearby  muscles,  and  general  changes  of  the  internal  pressure  in  the  blood 
or  tracheal  system.  Those  attached  to  tympanic  membranes  are  distinctive 
only  in  that  they  are  attached  to  membranes  particularly  sensitive  to  vibra- 
tion by  sound  waves  in  air.  Vibration  of  the  substrate  which  may  cause 
a  relative  motion  of  the  segments  of  an  insect's  body  or  appendages  may 
cause  stimulation  of  the  intersegmental  scolopidia.  It  is  also  possible  that 
some  of  the  intersegmental  scolopidia  are  auditory  in  function. 

The  structure  of  a  typical  scolopidium  is  shown  in  Fig.  171.  Each  unit 
consists  of  a  distal  or  cap  cell  which  surrounds  a  scolopale,  or  sense  rod,  to 
which  is  attached  the  terminal  filament  of  the  sense  cell.  This  terminal 
filament  is  surrounded  by  a  sheath  cell.  The  sense  cell  is  a  primary  neurone 
with  its  cell  body  in  the  base  of  the  scolopidium.  These  structures  are 
fundamentally  the  same  in  all  scolopidia,  regardless  of  whether  or  not  they 
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are  auditory.  In  many  insects  the  scolopidia  are  arranged  in  a  row  (the 
crista  acoustica)  near  the  edge  of  the  tympanum  in  such  a  way  that  move- 
ment of  the  tympanum  produces  a  relative  movement  between  the  sense 
cell  and  the  scolopale.  In  other  insects  the  scolopidia  are  in  direct  contact 
with  the  central  portion  of  the  tympanum  (Fig.  170),  so  that  the  maximal 
amplitude  of  vibration  is  available  for  stimulation. 


Cuticle 


Distal  or  cap  cell 


Scolopale  or  sense  rod 


Terminal  filannent 


Middle  or  sheath  cell 


Sense  ce 


A  B 

Fig.  171.  Schematic  diagram  of  scolopidia.  A,  Scolopidium  from  a  chordotonal  organ 
(from  Debauche/  after  Snodgrass^'')-  B,  Scolopidium  from  Johnston's  organ  (from 
Debauche,**  after  Eggers")-  From  Wigglesworth.^ 

Function  of  Tympanic  Organs:  Auditory  Function.  The  range  of 
sensitivity  of  the  tympanic  organs  has  been  studied  by  recording  electrical 
changes  in  the  sensory  nerves  or  ■  central  nervous  system  in  response  to 
stimulation  by  sounds  of  known  frequency  and  intensity.  Typical  results 
are  shown  in  Fig.  172.  In  one  of  the  Acridiidae  a  response  was  obtained 
for  stimuli  of  between  300  and  20,000  cycles,  and  the  response  did  not  occur 
after  destruction  of  the  abdominal  tympanic  organ.  In  the  lower  part  of 
this  range  the  sensitivity  is  very  much  less  than  that  of  man,  but  at  10,000 
cycles  it  is  almost  equal  to  the  human  sensitivity.  In  two  katydids  a  response 
was  present  between  800  and  45,000  cycles;  ^^  in  Grylliis  from  300  to  800 
cycles;''^  in  Locusta  from  300  to  above  10,000  cycles. '^^^  The  threshold  as 
a  function  of  frequency  for  the  tympanum  of  Locusta  is  shown  in  Fig.  172, 
in  which  it  may  be  compared  with  that  for  the  human  ear  and  for  the  cercus 
of  Gryllus.  The  response  of  the  tympanal  nerve  is  asynchronous;  i.e.,  the 
various  fibers  respond  apparently  at  random,  and  the  character  of  the 
response  does  not  change  with  frequency.  These  observations  afford  no 
evidence  that  the  tympanic  organ  is  capable  of  frequency  discrimination. 

Regen  -^^  demonstrated  that  a  female  cricket  was  attracted  to  a  telephone 
which  was  transmitting  the  chirp  of  a  male  cricket.  This  response  was 
obtained  with  adult  unmated  females  but  did  not  occur  with  females  which 
had  been  mated.'"  Also  two  male  katydids  in  the  same  vicinity  tended  to 
sing  in  concert."     The  concerts  consisted  of  introductory  and  conclusional 
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songs,  and  an  intermediate  period  in  which  the  chirps  from  the  two  partners 
alternated  in  a  regular  manner.  Regen  -^^  then  tried  to  substitute  an  artificial 
partner.  When  he  used  males  which  had  just  become  adult  he  was  able  to 
get  them  to  alternate  with  a  wide  variety  of  musical  sounds  of  such  a  nature 
as  to  indicate  a  sound  range  of  400  to  28,000  cycles.  However,  males  which 
had  previously  sung  with  other  males  did  not  sing  with  the  artificial  partner. 
In  both  crickets  and  katydids"''^  bilateral  extirpation  of  the  tympanic  organs 
abolished  the  normal  responses,  but  did  not  abolish  all  sensitivity  to  sound. 

Quality  Discrimination.  Regen's  experiments  demonstrate  conclusively 
that  insects  are  capable  of  detecting  sounds  and  also  that  (at  least  in  the 
two  species  studied)  they  are  capable  of  a  high  degree  of  quality  discrimina- 
tion. However,  he  observed  that  unmated  female  crickets  responded  to  the 
male  chirp  over  the  telephone  even  when  it  was  so  distorted  as  to  be  unrec- 
ognizable to  the  human  ear.  If  it  is  assumed  that  the  mechanism  of  recog- 
nition is  the  same  in  both  crickets  and  katydids,  then  it  seems  that  the  qual- 
ities of  sound  which  facilitate  recognition  in  insects  are  not  the  same  qualities 
which  facilitate  recognition  by  man. 

We  recognize  sounds  primarily  on  the  basis  of  frequency  and  to  a  lesser 
extent  on  the  basis  of  amplitude  modulation.  The  structure  of  the  tympanic 
organ  indicates  that  it  functions  poorly  as  a  harmonic  analyzer,  as  compared 
with  the  human  ear.  In  tettigonids  and  gryllids  the  scolopidia  of  the 
tympanic  organs  are  arranged  in  a  row  and  graded  in  size.     In  cicadas  the 
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Fig.  172.  Frequency  response  curves  for  different  types  of  acoustic  receptors.  (After 
Pumphrey  and  Rawdon-Smith''")-  Ordinate,  sound  pressure  above  or  below  10  dynes 
per  sq.  cm.,  the  zero  point.  Abscissa,  frequency  in  cycles  per  second  on  log  scale.  A, 
normal  human  threshold;  B,  threshold  of  electrical  response  in  cereal  nerve  of  Gry/Ziis;  C, 
threshold  as  measured  electrically  in  the  tympanal  nerve  of  Lociista.  From  Wiggles- 
worth."'" 


scolopidia  are  in  a  single  mass,  and  all  are  about  the  same  size.  In  acridiids 
the  scolopidia  are  in  three  groups  on  different  parts  of  the  tympanum.  There 
is  no  experimental  evidence  that  these  structures  are  very  effective  as  fre- 
quency discriminators,  but  neither  is  there  much  evidence  that  they  are  not. 
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It  merely  seems  probable,  on  the  basis  of  present  evidence,  that  frequency 
discrimination  is  of  a  low  quality. 

The  next  question  is  whether  or  not  insects  are  capable  of  a  high  quality 
of  discrimination  of  amplitude  modulation.  It  has  been  proposed  by  Pumphrey 
and  Rawdon-Smith  •'♦•  •'•''•  ■^''  that  they  are  capable  of  such  discrimination  and 
that  they  are  also  sensitive  to  small  changes  in  the  frequency  of  the  modu- 
lating frequency.  It  was  demonstrated  experimentally  that  amplitude  modu- 
lation of  a  sound  wave  could  produce  a  temporal  pattern  of  impulses  in  the 
insect  auditory  nerve.  Pumphrey  and  Rawdon-Smith  propose  that  sound 
quahty  discrimination  in  insects  is  more  a  discrimination  between  amplitude 
modulation  frequencies  than  between  frequencies  of  the  sound  waves  them- 
selves. The  insect  tympanic  organ  would  therefore  be  more  nearly  com- 
parable to  the  audio  detector  in  a  radio  set  than  to  a  harmonic  analyzer. 
The  human  ear  is  constructed  so  that  it  is  highly  sensitive  to  changes  in 
the  modulated  frequency,  i.e.,  it  is  an  excellent  harmonic  analyzer,  but  we 
are  relatively  insensitive  to  changes  in  the  modulation  frequency. 

If  Pumphrey  and  Rawdon-Smith's  theory  is  true,  then  the  seemingly  con- 
tradictory experiments  on  insect  hearing  can  be  explained.  For  instance,  in 
Regen's  experiments  the  response  of  the  female  crickets  might  be  explained 
on  an  amplitude  modulation  basis,  and  so  might  the  unresponsiveness  of 
experienced  male  katydid  concert  singers  who  failed  to  answer  unmodulated 
artificial  partners.  Furthermore,  the  more  common  insect  sound-producing 
methods,  e.g.,  the  rubbing  together  of  legs  and  wings,  are  probably  more 
adaptable  to  the  production  of  amplitude  modulated  sounds  than  are  the 
air  column  devices  of  vertebrates.  This  theory  of  Pumphrey  and  Rawdon- 
Smith  is  one  which  warrants  considerable  investigation. 

Sound  Localization.  Regen  ■^'^  observed  that  unmated  female  crickets 
oriented  toward  a  chirping  male  at  a  distance  of  ten  meters  or  more,  and 
that  they  tended  to  move  toward  the  male  along  a  straight  line.  Females 
deprived  of  one  tympanic  organ  reached  the  male  over  a  more  devious  path. 
It  is  evident  that  the  female  was  capable  of  locating  the  sound. 

In  man,  localization  is  determined  by  intensity  and  phase  differences 
in  the  two  ears  produced  as  a  result  of  their  separation  and  of  the  shadow 
effect  of  the  head.  In  insects  the  influence  of  these  two  factors  is  very  much 
less,  and  they  are  probably  insignificant.  However,  the  structure  of  the 
tympanum  indicates  that,  especially  when  exposed  on  the  body  surface,  it 
may  serve  directly  as  a  localizer.  Pumphrey  and  Rawdon-Smith  ^^  demon- 
strated this  for  Locusta.  They  used  a  monophasic  transient  sound  wave  as 
a  stimulus  and  determined  the  intensity  necessary  to  stimulate  the  isolated 
tympanic  organ  as  a  function  of  the  angle  of  incidence.  The  threshold  was 
determined  bv  electrical  recording  from  the  nerve.  The  tympanic  organ  has 
very  definite  directional  characteristics  which,  in  general,  are  comparable  to 
those  of  a  "ribbon"  or  "velocity"  microphone.  Since  the  stimulus  used  was 
a  monophasic  sound  wave  it  was  possible  to  compare  the  response  of  the 
tympanum  to  a  "push"  or  "pull."  No  differences  were  found  either  in  the 
threshold  or  in  the  latent  period  when  the  stimulus  was  reversed.  This  is  in 
striking  contrast  to  the  vertebrate  cochlea. 

Hair  Sensilla  as  Phonoreceptors.     It  is  well  known   from  the  work  of 
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Minnich  ^^'  ^^  that  caterpillars  are  sensitive  to  sound,  and  that  this  sensitivity 
seems  to  be  localized  in  hair  sensilla.  In  the  hairy  caterpillar  Vanessa  antiopa 
sound  waves  of  frequencies  below  1000  cycles  cause  a  contraction  of  longi- 
tudinal dorsal  muscles  which  raise  the  anterior  end  of  the  animal.  The  lower 
frequency  limit  of  response  was  below  32  cycles  and  was  undetermined.  The 
response  could  be  reversibly  abolished  by  application  of  a  water  spray  or  of 
flour  to  the  hairs.  These  experiments  were  repeated  with  various  species, 
and  it  was  found  that  relatively  hairless  caterpillars  also  responded  but  at  a 
higher  intensity. 

Pumphrey  and  Rawdon-Smith  ^^  studied  the  electrical  changes  of  the 
nerve  from  the  anal  cerci  of  various  adult  Orthoptera  in  response  to  sound 
waves.  The  threshold  curve  for  the  cricket  is  given  in  Fig.  172;  curves  for 
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Fig.  173.  Curves  indicating  the  frequency  response  of  a  cercus  preparation  of  Gryllus 
(a)  and  the  human  ear  (b).  The  points  are  experimentally  determined  and  the  line  (a) 
corresponds  to  a  constant  displacement  of  56  m/j.  of  the  distal  end  of  the  hair.  (Pum- 
phrey.^') 


locusts  and  cockroaches  are  similar.  The  end-organs  are  the  long  hair 
sensilla,  and  the  responses  can  be  inhibited  by  coating  the  cerci  with  dust  or 
petroleum  jelly.  At  low  frequencies  there  was  a  synchronous  response  in 
the  nerve,  i.e.,  one  impulse  for  each  sound  wave.  This  synchrony  was  pres- 
ent initially  up  to  800  cycles,  but,  as  in  the  mammalian  cochlea,  "alterna- 
tion" may  be  shown  at  higher  frequencies.  The  lower  response  limit  was 
not  determined,  but  it  probably  is  well  below  50  cycles. 

Movement  of  the  hair  sensillum  produces  a  displacement  of  the  dendrite 
of  the  sense  cell.     The  threshold  displacement  of  the  dendrite  calculated 
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by  Pumphrey  and  Rawdon-Smith  is  less  than  5/x.  The  threshold  rises  with 
frequency  (Fig.  173).  The  sensilla  seem  to  operate  as  pure  displacement 
receptors  over  the  investigated  frequency  range,  and  there  is  no  evidence 
of  resonance  phenomena.  Curve  (a)  of  Fig.  173  is  drawn  on  the  assump- 
tion of  a  constant  displacement  of  the  distal  end  of  the  hair  of  56  m^.  This 
type  of  mechanism  is  probably  sensitive  to  very  low  frequencies  and  may 
also  function  in  determining  vibrations  in  the  substrate. 

Other  Orthopteran  Receptors.  Pumphrey  and  Rawdon-Smith'^^  have 
also  recorded  a  response  from  the  abdominal  segmental  nerves  of  the  locust 
in  response  to  sound,  especially  when  the  frequency  was  about  1400  cycles. 
The  threshold  curve  indicates  sharply  tuned  resonant  structures  which 
Pumphrey  and  Rawdon-Smith  assumed  were  short  stiff  sensory  hairs.  How- 
ever, no  such  hairs  were  found.  Melanophis^^  has  segmentally  arranged 
scolopidia  which  may  be  auditory  in  function.  If  their  function  is  auditory, 
and  if  these  scolopidia  occur  in  Lociista,  then  they  may  be  the  structures  the 
sensitivity  of  which  was  studied  by  Pumphrey  and  Rawdon-Smith. 

Receptors  in  Other  Arthropods. 

Spiders  are  sensitive  to  sound  waves  in  air,  and  the  location  of  the  sense 
organ  is  as  yet  undetermined.  However,  it  seems  probable  that  the  hairlike 
projections  on  the  surfaces  of  non-insect  terrestrial  arthropods  may  serve  as 
acoustic  detectors  as  do  those  of  insects.  Furthermore,  web-building  spiders 
are  capable  of  very  accurate  orientation  toward  a  sound  that  is  transmitted 
through  the  web  or  its  supports,^  and  the  logical  place  to  look  for  the  respon- 
sible receptor  seems  to  be  in  the  hair-like  processes. 

It  is  also  known  that  Mysis "  and  Palaemonetes  are  sensitive  to  sound 
waves  in  water  and  are  less  sensitive  after  extirpation  of  their  statocysts. 
The  statocyst,  although  primarily  statoreceptive,  apparently  has  a  dual  func- 
tion, as  does  the  sacculus  of  fishes. 
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CHAPTER  14 


Mechano'  and  Equilibrium-Reception 

T 

■  HE  POSITION  OR  ATTITUDE  assumcd  by  an  animal  in  its  environment 
I  is  usually  the  result  of  a  complex  of  reactions.  Several  kinds  of 
_  ■  stimuli— light,  temperature,  mechanical  contact,  gravity— may  simul- 
taneously affect  different  sense  organs.  One  sense  modality  may  at  times  be 
dominant,  or  the  sum  total  of  sensory  stimulation  may  determine  the  attitude 
the  animal  assumes.  The  orienting  effects  of  light,  heat  and  cold,  and  of  chem- 
ical and  auditory  stimuli  have  been  discussed  in  previous  chapters.  Animals 
which  live  on  a  firm  substratum  are  continually  subjected  to  contact  stimuli; 
motile  organs  and  appendages  are  regularly  stretched  or  extended  and  re- 
tracted, thus  subjecting  moving  tissues  to  tension.  Most  animals  orient  with 
respect  to  gravity,  and  manv  have  special  equilibrium  receptors.  Thus  me- 
chanical stimuli  are  common,  and  all  animals  are  sensitive  in  some  way  to 
mechanical  stimulation.  Sound  is  high-frequency  mechanical  stimulation; 
we  are  here  concerned,  however,  with  stimulation  by  low-frequency  mechan- 
ical stimuli  and  bv  gravity  or  equilibrium  alteration. 

MECHANORECEPTION 

The  sensitivity  of  cells  to  mechanical  deformation  of  their  surface  is  a 
more  widespread  phenomenon  than  is  commonly  supposed.  Some  cells,  the 
phonoreceptors,  are  specialized  in  sensitivity  to  low  amplitude  vibration; 
others,  tactile  receptors,  respond  to  the  greater  deformation  of  touch;  still 
others,  tension  receptors,  are  specifically  sensitive  to  distortion  by  stretch. 
Tactile  and  tension  receptors  are  more  widely  distributed  than  anv  other 
type  of  sensory  cells,  especially  in  appendages;  they  are  rarely  restricted  to 
particular  organs.  Changes  in  equilibrium  may  be  detected  by  special  organs, 
statocysts,  but  these  are  supplemented  by  scattered  tension  receptors. 

Nature  of  Mechanical  Stimulation.  The  cellular  phenomena  associated 
with  mechanical  stimulation  are  poorly  known.  Nerve  axons  have  been 
stimulated  mechanically  with  an  air  jet,  and  the  relation  between  pressure 
and  duration  of  stimulus  needed  to  elicit  a  response  has  been  shown  to  re- 
semble a  conventional  strength-duration  curve  as  obtained  with  electrical 
stimulation.**  Presumably  the  mechanical  deformation  causes  local  potential 
changes  which  initiate  impulses  electrically.  An  amoeba  stimulated  by  a 
weight  dropped  on  the  coverglass  stops  locomotion  with  a  latency  which 
varies  inversely  with  strength  of  stimulus;  after  one  response  a  recovery  time 
is  required  before  the  amoeba  can  respond  again. '^^  It  would  be  of  interest 
to  examine  quantitatively  the  responses  of  many  types  of  cell  to  mechanical 
stimulation  of  various  kinds. 
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Histological  Types  of  Mechanoreceptors.  The  differentiation  in  the  course 
of  evolution  of  certain  epithelial  cells  into  mechanoreceptors  and  chemo- 
receptors  probably  occurred  before  the  differentiation  of  conducting  nerve 
cells.  In  all  animals  with  nervous  systems  there  are  specialized  mechanore- 
ceptors of  one  or  more  histological  types.  The  simplest  are  free  nerve  end- 
ings; these  may  lie  between  epithelial  cells,  as  in  the  earthworm,  or  may  be 
in  the  deeper  portion  of  the  skin,  as  in  vertebrates.  They  usually  have  a  high 
mechanical  threshold  and  may  be  stimulated  by  various  noxious  agents; 
that  is,  they  are  often  pain  receptors.  Another  simple  type  of  tactile  receptor 
is  a  terminal  bulb,  as  in  the  frog  skin,  or  Merkel's  discs,  in  mammalian 
skin.  Sensory  hairs  are  widely  distributed  in  many  kinds  of  animals,  and 
at  their  base  there  may  be  free  endings,  knobs,  or  speciaHzed  spirals. 
Arthropods  have  many  sensory  hairs  at  joints  along  various  appendages, 
such  as  antennae,  legs  and  wings.  In  insects  there  are  also  short  sensory 
spines  and  more  pliable  setae  with  bipolar  sense  cells.   Frequently  sense  cells 

1 


Fig.  174.  Schematic  drawing  of  section  of  skin  and  its  appendages.  (Andrews.) 

have  a  short  sensory  hair  and  are  grouped  in  organs,  as  in  the  earthworm 
(Fig.  175).  Several  types  of  encapsulated  endings  have  been  described  for 
mammals,  particularly  the  pacinian  corpuscles  of  tendons  and  mesentery 
(Fig.   176),  and  Meissner's  corpuscles  of  the  skin  (Fig.  174). 

The  distribution  of  proprioceptors  is  less  well  known  than  that  of  tactile 
receptors,  but  in  mammals,  birds,  reptiles,  and  amphibians  there  are  spiral 
structures  such  as  the  spindles  of  tendons  and  intrafusal  muscle  fibers  which 
respond  to  a  pull  (Fig.  177).  Muscle  spindles  are  lacking  in  fish  but  there 
are  tension  receptors  in  fish  muscle.  The  proprioceptors  of  vertebrates  are 
usually  arranged  to  respond  to  tension  in  small  bundles  of  muscle  fibers, 
whereas  in  insects  they  respond  more  to  strains  in  the  cuticle.  In  the  cam- 
paniform  sensilla  of  insects  a  terminal  filament  ends  in  a  rod  under  a  cuticular 
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Fig.  175.  Epithelial  sense  organ  of  earthworm.  From  Langdon. 
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Fig.  176.  Section  of  pacinian  corpuscle  of  cat  mesentery,    a,  Terminal  arborization;  n, 
nerve  fiber  in  core;  f,  central  channel;  c,  d,  endotheHal  cells  of  lamellae.   From  Schafer." 
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Fig.  177.  Diagram  of  nerve  endings  in  mammalian  skeletal  muscle. 
From  Maximow  and  Bloom.*' 
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dome  which  magnifies  surface  strains  (Fig.  178);  campaniform  sensilla  are 
abundant  on  the  basal  joints  of  extremities,  on  wings,  on  the  halteres  of  Dip- 
tera,  and  elsewhere.  Chordotonal  sensilla  have  a  sensory  filament  on  an  elas- 
tic strand  stretched  between  two  points  on  the  body  wall;  they  often  occur 
at  the  base  of  wings.  Johnston's  organs  resemble  chordotonal  sensilla  and 
occur  on  the  second  antennal  segment  (Fig.  171);  they  are  stimulated  by 
movement  of  the  antenna  at  its  base. 

There  is  also  wide  variation  in  the  location  of  the  nuclei  of  the  sensory 
neurones.  In  the  earthworm,  for  example,  epidermal  sense  cells  synapse  in  a 
peripheral  plexus  with  the  afferent  neurones,  and  there  are  many  sense 
cells  per  afferent  fiber.  In  Crustacea  a  single  fiber  enters  a  sensory  hair  and 
the  nucleus  lies  at  its  base.  The  cell  bodies  of  most  tactile  and  proprioceptive 
endings  of  vertebrates  are  located  in  dorsal  spinal  ganglia  or  in  sensory  cen- 
ters in  the  lower  brainstem.  It  is  apparent  from  the  differences  in  form  and 
arrangement  that  the  various  histological  types  of  mechanoreceptors  differ  in 
the  kind  of  deformation  which  produces  stimulation;  they  differ  also  in  sen- 
sitivitv  and  in  the  persistence  of  response  to  maintained  stimulation. 

Outer  lamella  of  Inner  1  amella 

cap  membrane  oF  cap  membrane 


Cuticular  connection 
of  the  sense  cell 


Distal  process 
of  the  sense  cell 

Fig.  178.    Diagrammatic  campaniform  sensilla  of  an  insect.    From  Pringle.™ 

Behavioral  Responses.  Distance  Mechano-  and  Vibration-Sense.  Mechano- 
receptors usually  signal  either  movement  of  a  body  region  or  direct  contact 
with  some  object;  they  may  signal  movement  of  a  distant  object  if  pressure 
waves  are  transmitted  bv  the  medium.  The  tactile  endings  on  antennae  and 
vibrissae  are,  in  a  sense,  distance  receptors,  and  rats  lacking  both  eyes  and 
vibrissae  have  difficulty  in  running  a  maze,  whereas  either  eyes  or  vibrissae 
can  give  adequate  cues."'^  A  distant  source  of  vibration  can  be  detected  by 
various  kinds  of  mechanoreceptors.  A  spider  locates  its  prey  by  sight  and  by 
vibration  of  the  web,  and  some  spiders  use  a  special  signal  thread. 

The  proprioceptors,  largely  sensilla,  of  arthropods  are  exceedingly  sensi- 
tive to  vibrations.  The  "feeling"  of  vibration  by  mammals  is  due  to  stretch 
receptors,  particularly  those  of  muscles  and  tendons;  this  is  shown  by  the 
sensory  impulses  when  a  muscle  or  bone  is  touched  b\'  a  tuning  fork;  the 
threshold  is  lower  for  a  contracted  than  for  a  relaxed  muscle.  A  single 
stretch  receptor  of  a  toe  muscle  of  a  frog  discharged  at  a  maximum  frcquencv 
of  330/sec.  when  stimulated  by  vibration,  and  316/sec.  when  stimulated  by 
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rapid  stretch.  Also,  when  adapted  to  stretch,  the  ending  sometimes  responded 
to  a  tuning  fork  at  one  half  or  one  third  of  the  frequency  of  vibration.-" 

Fish  detect  pressure  waves  and  ripples  from  a  distant  source  by  means  of 
skin  receptors  and  lateral  line  organs.  Blind  fish  snap  at  prey  moving  5  to 
10  cm.  away,  and  by  conditioned  reflex  techniques  it  has  been  shown  that 
minnows  locate  water  jets  and  moving  objects  by  the  lateral  line  organs.^*'' 
Electrical  recording  of  the  nerve  impulses  from  catHsh  lateral  line  nerves 
shows  that  lateral  line  organs  follow  low  frequency  vibrations  well  but  fail 
to  synchronize  with  the  stimulus  above  about  100  cycles  per  second. ■^-'  ■*"^'  *^'' 
In  Fiinchdus,  the  lateral  line  discharge  synchronizes  at  frequencies  as  high  as 
180  per  second'"  (Fig.  179  B,  C).  There  is  a  continuous  background  of  "spon- 
taneous" activity  in  lateral  line  nerves  which  originates  in  the  neuromasts,  and 
responses  to  mechanical  stimulation  are  superimposed  on  this  background. 
The  response  in  the  lateral  line  when  another  fish  swims  by  is  shown  in 
Figure  179,  A,  and  the  lateral  line  must  be  very  important  in  keeping  fish 
properly  oriented  when  they  swim  in  schools.  The  skin  receptors  of  fish  also 
detect   vibrations  but  have  a  higher  threshold  and  are  more  important  in 


Fig.  179.  Responses  in  lateral  line  nerve  of  Fiindidus.  A,  Spontaneous  activity  with 
three  bursts  of  impulses  as  another  fish  swims  by.  B,  Synchronized  impulses  at  75  and,  C, 
at  45  per  second  in  response  to  sound.  Signal  from  sound  generator  on  baseline  of 
oscilloscope  and  impulses  superimposed.   From  Suckling."' 

sensing  contact  stimuli.  Impulses  in  ner\es  from  the  barbels  of  catfish  show 
synchronized  responses  to  ripples. ■*''■  ^■''  In  those  amphibians  also  v\hich  pos- 
sess lateral  line  organs  CAinhlystoiua,'^''-  Xenopus,''*'^  these  sensory  structures 
are  very  efficient  in  localizing  moving  objects  and  in  detecting  fixed  ob- 
jects by  reflected  waves. 

Orientation  to  Contact  Stinnili.  Several  kinds  of  direct  responses  to  me- 
chanical stimulation  are  known.  Many  animals,  particularly  those  which 
crawl,  tend  to  aooreoate  in  crevices  and  along  surfaces,  a  thigmotaxis.  This 
reaction  provides  protectix'e  shelter  and  is  easily  overbalanced  by  other  types 
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of  stimulation,  particularly  by  light  and  chemical  stimulation.  When  such 
animals  crawl  along  one  side  of  an  object  they  turn  toward  the  stimulating 
surface  when  they  reach  the  end  of  the  object  (Fig.  180,  A),  whereas  if  they 
crawl  in  the  crack  between  two  symmetrical  objects  they  continue  straight 
ahead  at  the  end  (Fig.  180,  B).  If,  after  the  animal  has  given  this  positive 
response  to  an  edge  (or  positive  stereotactic  response),  the  stimulating  object 
is  withdrawn,  the  crawling  animal  then  straightens  the  anterior  end  to  be 
in  line  with  the  posterior  end,  the  homostrophic  reflex  (Fig.  180,  A).  These 
contact  reactions  depend  on  unequal  stimulation  of  the  two  sides  and  have 
been  demonstrated  for  many  animals,  including  earthworms,  diplopods,  in- 
sect larvae,  and  voung  (blind)  rats  and  mice.^'^-  ^" 


A 


B 


Fig.  180.  A,  Stereotropic  orientation  of  larval  Tenehrio  (a,  h,  successive  positions)  and 
reflex  homostrophic  orientation  (c),  when  source  of  contact  is  removed.  B,  Balanced  efi^ect 
of  bilateral  contact  resulting  in  straight  course;  removal  of  contact  plate  on  one  side 
followed  by  stereotropic  bending.   From  Crozier.^^ 

Many  animals  show  direct  reactions  to  local  mechanical  stimulation.  For 
example,  most  fish  when  stimulated  on  one  side  near  the  posterior  end  turn 
the  caudal  fin  toward  the  side  of  stimulation.  Many  sessile  animals  and 
worms,  such  as  hvdroids,  sea  anemones,  holothurians,  sipunculoids,  and  an- 
nelids, withdraw  by  a  strong  body  contraction  when  stimulated  mechanically 
at  the  anterior  end. 

Another  type  of  contact  orientation  is  rheotaxis  or  orientation  to  a  stream 
of  water.  Planaria  often  react  positively  to  a  stream,  depending  on  receptors 
scattered  over  the  body  surface.'*'^  Paramecia  are  positively  rheotactic  under 
most  conditions.  The  orientation  of  fish  into  a  stream  depends  much  more 
on  the  eyes  than  on  mechanoreceptors.  Blind  fish  do  not  orient  in  a  stream 
unless  they  touch  the  bottom,  when  they  orient  by  frictional  stimulation.-" 
Similarly,  xisual  cues  are  impt)rtant  in  rheotaxis  of  the  lobster,  in  the  elasmo- 
branch  Raja  headward  flow  of  fluid  in  the  hyomandibular  lateral  line  canal 
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increases  the  rhythmic  activity  in  the  lateral  line  nerve,  whereas  tailward 
How  reduces  or  stops  the  spontaneous  rhythm.'^"'  Whether  the  lateral  line 
is  used  in  rheotaxis  in  Rnja  is  not  known. 

Anemotaxis  or  orientation  in  air  currents  is  seen  in  flying  animals  such  as 
some  insects.  In  flies  the  antennal  sense  organ,  Johnston's  organ,  is  sensitive 
to  wind  velocity  and  elicits  postural  changes  according  to  speed  of  air  flow.-*"'" 

When  an  animal  is  in  contact  with  a  substratum  there  is  continuous  asym- 
metric stimulation  of  mechanoreceptors.  Absence  of  ventral  surface  stimula 
tion  may  initiate  righting  reactions  as  in  snails,  starfish,  and  cockroaches,  and 
removal  of  the  substratum  initiates  flight  in  many  insects.  Similarly,  lifting 
of  the  sucker  of  a  leech  initiates  swimming.  Apparently  in  the  absence  of 
other  stimuli,  stimulation  by  contact  normally  inhibits  locomotor  reflexes. 

Hydrostatic  pressure  is  applied  uniformly,  and  most  of  the  effects  of  hydro- 
static pressure  or  atmospheric  pressure  are  respiratory  rather  than  sensory. 
One  of  the  familiar  eff'ects  of  rapid  changes  in  hydrostatic  pressure  is  in  the 
amount  of  nitrogen  dissolved  in  the  blood  and  the  bubbles  which  appear  on 
decompression.  Pressures  of  the  order  of  several  hundred  atmospheres  cause 
spectacular  decrease  in  protoplasmic  viscosity,  and  many  animals  are  killed 
fairly  rapidly  at  about  400  atmospheres.  Yet  fish  and  deep-sea  invertebrates 
live  at  ocean  depths  of  two  miles,  where  the  pressure  exceeds  300  atmos- 
pheres.^" When  deep-sea  animals  are  brought  to  the  surface  they  die,  and, 
conversely,  surface  animals  cannot  survive  long  at  pressures  corresponding  to 
the  deep  sea.  The  physiological  adaptations  permitting  survival  at  high  pres- 
sures are  not  understood.  However,  fish  do  tend  to  remain  within  a  certain 
pressure  range,  and  they  do  this  in  part  by  varying  the  amount  of  gas  in  the 
swim  bladder.  A  sudden  decrease  in  pressure  by  a  fraction  of  an  atmosphere 
results  in  an  increase  in  gas  content  in  the  swim  bladder  (guppies'-O-  In 
physoclistous  fish,  that  is,  in  those  lacking  a  duct  from  gas  bladder  to  esoph- 
aous,  the  gas  must  be  secreted  into  the  bladder  from  the  blood  and  the  ef- 
fect is  to  maintain  the  fish  at  a  constant  level.*'*^  Similar  increases  in  bladder 
oas  content  occur  when  Fnndtdus  is  transferred  from  sea  water  to  fresh  wa- 
fer.^ In  some  phvsostomes  (fish  with  open  swim  bladders)  certain  anterior 
vertebrate  form  a  chain  of  bones,  the  Weberian  ossicles,  which  transmit  pres- 
sure to  the  inner  ear  from  the  swim  bladder  (p.  486,  Ch.  13),  and  removal 
of  which  prevents  normal  reactions  to  a  pressure  drop.^'^  An  increase  in  swim- 
bladder  pressure  in  the  carp  elicits  a  strong  response  of  all  fins,  cardiac  de- 
pression, and  initial  stimulation,  followed  by  depression  of  respiration-all 
eflfects  which  cease  when  the  autonomic  nerves  to  the  swim  bladder  are  cut.-*-' 
The  gas  bladder  of  fish  is  an  effector  containing  sensory  mechanisms  which 
aid  in  maintaining  fish  at  constant  hydrostatic  pressure. 

Tactile  Sense.  Ability  to  locate  contact  stimuli  may  be  very  precise.  The 
cleaning  habits  of  most  animals  are  well  known-molluscs,  insects,  and  many 
others  remove  irritating  particles  with  great  precision.  Tactile  sense  in  man 
has  been  most  studied  by  the  use  of  needles  or  flexible  prods  of  different 
weights.  On  the  skin  the  sensitivity  of  hairs  is  greater  than  that  of  cutaneous 
corpuscles;  the  sensitivity  of  shaved  skin  differs  greatly,  the  sensitivities  in 
various  areas  decreasing  in  the  following  order:  forehead,  nose,  finger  tip, 
back  of  finger,  back  of  hand,  abdomen,  back  of  forearm,  loin.  The  ability  to 
discriminate  two  points  is  not  the  same  as   the   sensitivity  series,   minimal 
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distances  for  resolution  being  2.3  mm.  on  finger  tip,  11.3  mm.  on  palm  of 
hand,  31.6  mm.  on  back  of  hand,  and  67  mm.  on  upper  arm,  thigh,  and 
middle  of  back.^ 

A  tactile  sensory  unit  appears  to  be  one  sensory  neurone,  together  with 
all  those  sensory  endings  whose  processes  converge  on  that  axon.  The  most 
accurate  mapping  of  such  an  area  has  been  done  by  recording  impulses  in 
single  fibers  of  the  long  ciliary  nerve  of  the  cat;  one  fiber  serves  50  to  200  sq. 
mm.  (1  quadrant)  of  the  cornea,  together  with  adjacent  sclera  and  conjunc- 
tiva.»2  In  the  central  portion  of  such  a  field  the  threshold  is  lowest,  impulse 
frequency  highest,  and  adaptation  slowest,   hence   the  endings  differ  over 
the  same  field.   Cutaneous  sensory  endings  can  be  stimulated  electrically  as 
well  as  mechanically.^-  ^  Areas  of  touch  and  prick  (pain)  are  independent, 
and  as  the  point  stimulus  moves  over  a  fingertip  the  stimulation  "feels"  as 
though  it  went  by  jumps.  Any  stimuli  within  2-15  mm.  of  each  other  on  the 
back  of  the  hand  are  referred  to  the  same  locus,  and  stimulation  of  two 
points  in  that  area  can  summate.    There  is  some  overlap  of  the  unit  areas  as 
they  are  delineated  during  recovery  from  anesthesia,  and  two-point  discrim- 
ination probably  involves  several  sensory  units.     Single  sensory  fibers  serve 
relatively  large  overlapping  areas;  the  sensitivity  of  all  the  endings  in  such 
an  area  is  not  the  same,  and  much  of  the  discrimination  of  tactile  sense 
depends  on  sorting  out  impulses  of  different  frequencies  and  in  different 
afferent  fibers  within  the  central  nervous  system.  Overlap  of  areas  served 
by  sensory  nerves  has  been  observed  in  mammals,  frogs,  and  earthworms. 
Adaptation  of  Mechanoreceptors.    The  intensity  of  any  sensory  message 
is  given  by  the  frequency  of  discharge  in  single  units  and  the  number  of 
active  units.    The  frequency  increases  with  increasing  tension  or  pressure 
on  a  mechanoreceptor.     The  characteristic  pattern  of  nerve  impulses  is  an 
initial  burst  of  high  frequency  impulses  which  decline  rapidly  (adaptation). 
The  maximum  frequency  is  limited  by  the  refractory  period  of  the  nerve 
fiber,  but  sensory  discharge  is  usually  much  slower  than  this,  and  adaptation 
is  not  fatigue  in  the  sense  of  metabolic  failure.  Adaptation  is  the  decreasing 
excitability    of   sensory    endings    during    maintained    stimulation,    and    the 
mechanism  of  adaptation  is  not  well  known.     Mechanoreceptors  differ  in 
rate  of  adaptation,  from  those  which  give  only  one  impulse  to  those  which 
continue   to  discharge  more  or  less   indefinitely   at  low   frequency  during 
stimulation.    In  general,   tactile  receptors  adapt  rapidly  and  proprioceptors 
adapt  slowly.^ 

The  rapidly  adapting  endings  are  best  known  among  tactile  hairs  and  touch 
receptors  of  the  skin.  Each  sensory  hair  along  the  margin  of  the  telson  and 
uropods  of  a  crayfish  gives  only  one  impulse  when  flexed;^"  hair  receptors 
in  the  skin  of  a  rabbit  give  1  or  2  impulses  (Fig.  181).^^  Vibration  receptors 
such  as  the  cochlea  and  lateral  line  organ  must  also  be  considered  as  rapidly 
adapting,  since  on  synchronization  with  a  sound  one  impulse  appears  per 
wave  front.  Fine  sensory  hairs  on  the  leg  of  a  cockroach  adapt  rapidly, 
while  stout  spinous  hairs  adapt  more  slowly. '^^ 

The  tactile  receptors  of  vertebrate  skin  are  next  in  order  of  decreasing 
speed  of  adaptation.  The  study  of  these  has  been  aided  by  the  fact  that  in 
the  dorsal  cutaneous  nerves  of  the  frog  there  are  occasional  antidromic  fibers, 
efferent  branches  of  sensory  neurones,  so  that  stimulation  of  the  sensory 
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area  of  one  nerve  initiates  impulses  in  the  central  end  of  a  fiber  of  another 
nerve. ^  The  skin  area  served  by  one. such  sensory  fiber  varies  from  4  to  100 
sq.  mm.  When  the  sense  endings  are  stimulated  continuously,  as  by  a  jet  of 
air,  there  is  an  initial  burst  of  4  to  12  or  more  impulses  lasting  0.1  to  0.2 
sec.  (Fig.  181,  fl);  when  they  are  stimulated  by  a  puff  5  msec,  or  less  in 
duration  at  a  rapidly  applied  pressure  one  impulse  appears  (Fig.  181,  fc). 
In  addition  to  these  fast  adapting  endings  there  are  some  which  discharge  for 
as  long  as  10  sec.  during  continued  stimulation.^-^  A  different  sort  of  adapta- 
tion, secondary  adaptation,  occurs  when  the  ending  is  stimulated  repetitively, 


Fig.  181.  Responses  in  single  fiber  of  dorsal  cutaneous  nerve  of  frog  (a)  to  pres- 
sure suddenly  applied  and  maintained  and  (b)  to  pressure  applied  three  times  by 
interrupting  air  jet  (slowly  rising  baseline  indicates  duration  of  sudden  blast).  From 
Adrian,   Cattell,   and   Hoagland." 


as  by  an  interrupted  air  jet.  The  ending  may  discharge  at  a  rate  as  high 
as  250  to  300  per  second  initially,  and  may  continue  at  150  per  sec.  for  30 
to  60  seconds,  finally  dropping  more  and  more  impulses  until  it  discharges 
only  occasionally.  Sometimes,  when  the  ending  is  stimulated  at  high  fre- 
quency (e.g.,  150/sec.),  there  may  be  two  impulses  together  for  one  stim- 
ulus, the  second  one  smaller  than  the  first,  because  it  falls  in  the  refractory 
period  of  the  nerve.  Continued  repetitive  stimulation  of  the  skin  keeps  the 
endings  adapted,  even  though  there  may  be  no  nerve  impulses.  By  sending 
impulses  backward  (toward  the  skin  by  electrical  stimulation),  it  is  found 
that  the  adaptation  does  not  reside  in  the  nerve.  If  the  stimulus-to-rest  ratio 
is  small,  adaptation  is  slowed,  and  if  the  pressure  is  high  adaptation  is  also 
delayed.  Increase  in  the  potassium  content  of  the  saline  bathing  the  nerve 
ending  speeds  adaptation  reversibly,  and  it  has  been  shown  that  repeated 
mechanical  beating  of  frog  skin  by  an  air  jet  increases  the  potassium  con- 
tent of  bathing  saline,  hence  this  secondary  adaptation  may  be  due  to  ac- 
cumulation of  potassium  lost. from  epithelial  cells  around  sensory  endings.*'* 
46, 47, 48  Sm^}^  potassium  leakage  is  probably  not  the  cause  of  the  fast  adapta- 
tion to  a  single  stimulus. 

The  encapsulated  mechanoreceptors,  such  as  pacinian  corpuscles,  are  inter- 
mediate in  adaptation  speed.  When  pressure  is  applied  to  a  mammalian 
tendon  containing  a  pacmian  corpuscle,  a  discharge  starts  at  an  initial  fre- 
quency of  50-80  per  second,  adapting  in  a  few  seconds  to  10-15  per  second.'* 
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The  pacinian  corpuscles  along  blood  vessels  in  the  mesentery  discharge  as  the 
vessels  are  distended  with  each  pulse.'^'' 

The  campaniform  sensilla  of  insects  are  also  intermediate  in  speed  of 
adaptation.  These  sensilla  respond  to  strains  in  the  cuticle  produced  by 
straight  or  lateral  bending,  the  leg  sensilla  being  stimulated  while  the  insect 
stands.  The  discharge  starts  at  a  high  frequency  ClOO-300/sec.)  and  falls 
after  1-2  seconds  to  low  levels.'^'^ 

Tension  receptors  in  muscles  adapt  very  slowly,  compared  with  tactile 
receptors.  The  impulses  from  single  sensory  spindles  in  a  frog  toe  muscle 
under  continued  stretch  or  load  start  at  120-260  per  second  and  decline  to  a 
rate  of  about  20  per  second,  which  is  maintained  regularly  for  many  min- 
utes. Responsiveness  to  a  test  reload  is  less  as  adaptation  is  prolonged."^- '^'^ 
Frequency  of  afferent  discharge  depends  not  only  on  ,the  amount  but  also 
on  rate  of  development  of  tension  (Fig.  182).    If  a  muscle  is  stretched  and 
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Fig.  182.  Response  in  nerve  fiber  from  a  muscle  receptor  in  peroneus  longus  of  cat  at 
different  rates  of  stretching  of  the  muscle  to  final  tension  of  25  gm.  Action  potentials, 
small  deflections  from  central  lines,  muscle  contraction  indicated  by  lower  records.  From 
Matthews."' 

the  spindle  is  firing  continuously,  contraction  is  accompanied  by  a  brief 
interruption  in  the  steady  sensory  discharge.  Matthews'^*'  described  three 
types  of  sensory  endings  of  mammalian  muscle:  (1)  receptors  (probably 
spindles)  which  are  arranged  in  parallel  with  the  contractile  elements,  and 
which  respond  either  on  quick  stretch  or  release  or  in  active  contraction; 
(2)  receptors  of  high  threshold  arranged  in  series  with  the  contractile  ele- 
ments; and  (3)  a  type  occurring  in  fascia,  rapidly  adapting  and  responding 
only  during  movement  of  the  muscle. 

Stretch  receptors  in  muscles  of  the  elasmobranchs  Raja  and  Scylliiun 
adapt  slowly  and  maintain  a  stcadv  discharge  longer  than  do  the  muscle 
receptors  of  amphibians  and  mammals,  firing  under  constant  tension  for 
more  than  an  hour.  When  the  tension  is  suddenly  decreased  there  is  a  silent 
period  before  the  discharge  resumes  at  a  new  level.-" 

Virtually  no  adaptation  occurs  in  the  pressure  receptors  of  the  carotid 
sinus  of  mammals.  Some  of  the  sensory  elements  are  normally  continually 
active  and  lor  each  pulse  wave  their  frequency  increases;  other  elements  fire 
three  or  four  impulses  for  each  pulse.  When  the  carotid  artery  is  perfused  at 
steady  pressures  there  is  little  stimulation  until  the  pressure  rises  above  40-50 
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mm.  Hg,  when  a  few  impulses  appear,  and  at  higher  perfusion  pressures  the 
impulse  frequency  in  single  fibers  is  directly  proportional  to  the  pressure 
(Fig  183).  There  may  be  a  slight  fall  in  frequency  after  the  initial  dis- 
charge on  increasing  pressure,  but  the  equilibrium  frequency  is  main- 
tained more  or  less  indefinitely.''' ^- 

In  the  preceding  account  mechanoreceptors  are  arranged  in  a  series  from 
fast  to  slow  adaptation.  It  is  evidently  useful  in  behavior  that  tactile  mes- 
sages be  brief  and  tension  reception  persistent.  There  is  no  clear  histological 
correlation  with  speed  of  sensorv  adaptation,  and  the  cellular  mechanism 
underlving  these  differences  in  adaptation  remains  to  be  discovered. 

Pain.  Tactile  and  proprioceptive  impulses  travel  in  relatively  large 
fibers  (A  fibers  of  the  classification  of  Erlanger  and  Gasser,  as  given  in 
Chapter  23).     Free  nerve  endings  of  the  vertebrate  skin  are  stimulated  by 


Fig.  183.  Steady  discharge  in  single  fiber  of  carotid  sinus  nerve  at  the  following 
perfusion  pressures:  A,  40  mm.  Hg;  B,  80  mm.  Hg;  C,  140  mm.  Hg;  D,  200  mm.  Hg. 
Time  marked  in  0.2  sec.  From  Bronk  and  Stella.'^ 


various  noxious  stimuli,  heat,  prick,  heavy  pressure,  acid,  etc.,  and  give  rise 
to  impulses  in  small  fibers.'  The  pain  impulses  are  of  small  amplitude  and 
low  velocity.  In  the  cutaneous  nerves  of  the  frog,  for  example,  narcotics 
abolish  the  slow  impulses  first,  KCl  eliminates  the  fast  impulses  first;  the 
slow  are  conducted  at  1.5-4.5  M./sec,  the  fast  at  10-12  M./sec.,^"  and  the 
sensory  areas  in  the  skin  for  light  touch  and  heavy  pressure  are  different. 
In  the  cat,  impulses  from  sensory  hairs  travel  at  30-60  M./sec,  and  pain  im- 
pulses are  conducted  at  less  than  5  M./sec.^*'  The  maximum  frequency  of 
discharge  in  the  small  fibers  is  less  than  from  the  tactile  receptors;  the  re- 
sponse gradually  builds  up  and  adapts  very  little. 

Similarly,  mechanical  stimulation  of  the  intestine  of  a  cat  elicits  impulses 
in  medium-size  fibers  from  the  pacinian  corpuscles  and  in  small  fibers  prob- 
ably from  pain  endings.^-    There  are  also  pain  endings  in  the  pulp  of  teeth 
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which  are  stimulated  by  noxious  stimuh  and  give  rise  to  impulses  in  small 
myelinated  fibers.  These  are  to  be  distinguished  from  pressure  endings  of 
the  periodontal  membrane,  which  show  much  variation  in  adaptation  and 
some  of  which  follow  very  high  frequency  stimulation,  even  as  high  as  1200 
cycles  per  second.'"'^ 

In  the  earthworm  sensory  cells  converge  at  the  subepidermal  plexus,  and 
the  afferent  fibers  of  the  segmental  nerves  are,  therefore,  secondary  neurones. 
Nevertheless  the  afferent  impulses  set  up  by  tactile  and  proprioceptive 
stimulation  are  large  and  fast  compared  with  the  impulses  initiated  by 
noxious  stimuli,  particularly  chemical.'^^  It  is  a  general  rule  that  pain  im- 
pulses are  small  and  slow,  in  small  fibers. 

EQUILIBRIUM  RECEPTION 

Types  of  Equilibrium  Receptors.  One  of  the  more  primitive  sense 
organs  controlling  animal  attitude  is  the  gravity  receptor  or  statocyst.  In 
principle  a  statocyst  (Fig.   184)  consists  of  a  Huid-filled  chamber,  the  bot- 


Fig.  184.   Apical  statocyst  of  a  ctenophore.   Note  the  centrally  located  structure,  the 
statolith,  and  the  hairlike  processes  of  the  sensory  epithelium.  From  Buddenbrock.^' 

torn  or  top  of  which  contains  a  sensory  epithelium.  A  solid  or  semisolid 
body,  the  statolith,  rests  on  or  hangs  from  this  epithelium  and  thus  pre- 
sumably activates  the  sense  cells.  If  these  sense  cells  exhibit  moderately  slow 
adaptation,  a  steady  barrage  of  nerve  impulses  at  rather  low  frequencies 
may  be  passing  along  the  nerve  fibers.  Any  change  in  position  or  weight 
of  the  body  resting  on  or  hanging  from  the  sensory  epithelium  would  either 
enhance  or  diminish  this  barrage  of  nerve  impulses,  thus  signaling  the  co- 
ordinating centers  of  the  central  nervous  svstem  of  a  change  in  attitude 
of  the  organism.  The  pattern  of  motor  reactions  elicited  by  stimulation  of 
statocysts  varies  from  animal  to  animal,  for  it  depends  on  the  extent  and 
characteristics  of  the  reflex  pathways  involved,  but  many  organisms  react 
in  such  a  manner  as  to  bring  the  statocyst  and  its  contents  back  to  its  original 
resting   condition,    thus   effectively   annulling   the   change   in    the   statocyst 


Mechano-  and  Equilibrium-Reception 


515 


position.  This  kind  of  annulling  reaction  is  widespread  throughout  the 
animal  kingdom  and  is  the  result  of  a  coordinated  nervous  activity  called 
"negative  feedback.'"-'^ 

The  function  of  statocysts  in  animal  orientation  is  strikingly  illustrated  in 
the  experiments  of  Kreidl."  The  statocysts  of  crabs  open  to  the  exterior  by 
slits.  At  each  molt,  the  statoliths  are  lost  and  are  replaced  de  novo  from 
foreign  bodies  in  the  environment.  Iron  or  nickel  dust  in  the  aquarium 
forms  statoliths  with  magnetic  properties.  The  introduction  of  a  magnet 
above  a  crab  immersed  in  water  causes  the  statoliths  to  be  pulled  to  the 
top  of  the  statocyst  and  the  animal  promptly  turns  over  on  its  back. 

Orientation  to  Gravity:  Geotaxis.  Well  differentiated  statocysts  first  make 
their  appearance  in  the  coelenterates,  although  well  defined  gravity  reactions 
appear  in  certain  Protozoa,  i.e.,  Paramecium.^^  Among  the  coelenterates, 
the  Scyphomedusae  have  eight  statocysts  radially  arranged  around  the 
margin  of  the  mande.  In  the  normal  position  the  axis  of  symmetry  is  kept 
vertical.     When    the    animal    is    tilted,    the    lower    portion    of    the    mande 


Fig.  185.   Diagram  showing  terms  used  in  the  description  of  orientation  of  animals  on 
the  inclined  plane.   From  Crozier  and  Pincus.^" 

musculature  contracts  more  strongly  than  the  upper  portion,  and  the 
animal  rights  itself.^^-  Surgical  removal  of  several  of  the  statocysts  com- 
pletely disorients  the  animal.  Ctenophores  likewise  are  well  equipped  with 
functional  statocysts. 

Many  organisms  (turbellarians,  polychaetes,  holothurians,  brachipods, 
isopods,  dipteran  larvae  and  branchiate  snails)  exhibit  an  orientation 
toward  the  source  of  the  force  of  gravity,  called  positive  geotaxis.  Many 
of  these  organisms  burrow  in  mud  or  sand.  In  some  cases  this  positive 
geotaxis  is  statocyst  controlled,  as  evidenced  by  the  lack  of  this  orientation 
after    surgical    removal    of    the    statocysts    CArenicola    marina,    A.    gruhei, 
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Branchiomma  vesiculostim,  Cyathura  carinata  and  Limnophila  fusci-pennis: 
for  further  details  see  von  Buddenbrock^^). 

Negative  geotaxis  occurs  less  frequently  among  invertebrates,  and  is 
illustrated  by  the  pulmonate  snails  Umax  and  Helix.  When  these  animals 
are  placed  on  an  inclined  plane  in  water,  they  ascend  by  the  steepest 
path,^"'--  "^  regardless  of  the  slope  of  the  inclined  plane.  These  animals 
have  statocysts  and,  when  they  are  supported  by  the  water,  proprioceptive 
and  other  kinds  of  stimulation  are  minimal.  When  the  snails  are  placed 
on  an  inclined  plane  in  air  they  choose  a  direction  of  ascent  which  deviates 
from  the  steepest  path  by  an  angle  which  is  related  to  the  angle  of  inclina- 
tion of  the  plane.  Similar  responses  are  obtained  from  a  great  variety  of 
animals  which  exhibit  negative  geotaxis.  The  simple  and  direct  control  of 
orientation  to  gravity  bv  statocysts  is  certainly  not  indicated  here.  Rather, 
in  these  animals,  a  given  attitude  is  probably  the  result  of  a  complex  series 
of  reactions  including  several  sense  modalities. 

The  numerous  experiments  of  Crozier  and  his  co-workers^**  strikingly 
illustrate  the  complexity  of  the  situation.  These  investigators  have  tested 
the  responses  of  numerous  animals  on  the  inclined  plane  (Fig.  185).  Their 
results  indicate  that  for  many  animals  the  angle  of  orientation  up  the  plane 
varies  approximately  as  the  common  logarithm  of  the  active  component  of 
gravity,  g  sin  a.  Experiments  with  the  beetle,  Tetraopes  tetraophthalmos,-^ 
proved,  interestingly  enough,  that  addition  of  weight  (i.e.,  wax)  to  the 
abdomen  resulted  in  an  increase  of  Oj  (the  angle  of  orientation),  whereas 
the  addition  of  weight  to  the  anterior  end  or  the  removal  of  the  abdomen 
resulted  in  a  decrease  of  6  .  Experiments  with  male  fiddler  crabs,  Uca,^^ 
which  possess  one  large  claw  and  one  small  claw,  indicate  that  angle  9  is 
greater  when  the  large  claw  is  on  the  downward  side  of  the  animal.  These 
and  other  experiments  have  led  Crozier  and  his  school  to  the  conclusion  that 
orientation  to  gravity  depends  on  distribution  of  the  pull  of  the  organ- 
ism's mass  on  the  supporting  musculature;  i.e.,  that  the  orientation  is  initi- 
ated primarily  by  proprioceptive  sense  organs.  That  this  may  not  be  entirely 
the  situation  is  illustrated  by  experiments  with  ticks.^-^  Unfed  ticks  will 
crawl  freely  in  all  directions  on  inclined  or  vertical  planes;  ticks  gorged 
with  blood,  however,  always  crawl  upwards  and  travel  more  steeply,  the 
greater  the  angle  of  inclination  of  the  plane.  Similar  results  are  obtained 
when  inert  weights  are  attached  to  the  abdomen  of  the  tick.  Thus,  the 
mechanical  alignment  of  an  organism  on  an  inclined  plane,  due  to  a  pos- 
teriorly located  center  of  gravitv,  must  be  considered.  The  interpretations 
of  Hunter"''  suggest  additional  complications.  A  young  rat  on  an  inclined 
plane  has  its  center  of  gravitv  above  the  plane,  i.e.,  there  is  a  tendency 
for  the  animal  to  roll.  This  tendency  to  roll  is  greatest  when  the  angle  9 
is  low,  or  when  the  angle  of  inclination,  a,  is  increased.  Thus,  an  increase 
of  a  may  be  compensated  by  an  increase  of  9  .  The  orientation  ol  a  young 
rat  and  of  other  animals  may  thus  be  dependent  on  a  series  of  postural  re- 
flexes invoh'ing  statocysts,  proprioceptors,  and  perhaps  cutaneous  sense 
organs. 

The  Vertebrate  Labyrinth  and  Its  Functions.  The  membranous  labyrinth 
of  the  inner  ear  of  vertebrates  is  divided  into  two  parts  (see  Figure  161, 
Chapter   13):   (1)  the  lower  portion,  including  the  sacculus  and  lagena  or 
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cochlea,  functions  in  hearing;  (2)  the  upper  portion,  consisting  of  the 
utriculus  and  the  semicircular  canals,  functions  in  orientation.  The  utric- 
ulus  conforms  reasonably  closely  to  the  basic  plan  of  a  statocyst,  (page 
514).  The  semicircular  canals  are  bent  tubes,  both  ends  of  which  com- 
municate with  the  utriculus.  The  bent  tubes  bear  an  enlargement  at  one 
end,  the  ampulla,  in  which  is  located  the  sense  organ  (Fig.  186),  consisting 
of  the  crista  and  the  gelatinous  cupula,  which  approximately  fills  the  cavity 
of  the  ampulla  (p.  475,  Ch.  13). 

Fibers  in  the  vestibular  branch  of  the  eighth  nerve  are  of  three  types: 
those  activated  onlv  bv  mechanical  vibration  of  low  frequency;  those  acti- 
vated by  tilting  movements  only;  and  those  activated  by  angular  accelera 
tion.^-  McNally  and  Tait'^^  rendered  the  utriculus  of  frogs  non-functional 
by  cautery  without  encroaching  on  the  semicircular  canals  and  determined 
that  the  response  to  tilting  and  linear  acceleration  was  abolished.  It  is  gen- 


Fig.  186.  Diagrammatic  sketch  of  the  cupula  and  crista  after  Kolmer.  A,  hair 
cells  whose  terminal  processes  protrude  into  F,  the  gelatinous  cupula;  B,  support- 
ing cells;  D,  large  nerve  fibers;  E,  small  nerve  fibers.   From  Fulton."'" 

erally  accepted  that  the  utriculus  responds  to  these  movements.  The 
function  of  the  sacculus  is  less  clearly  established.  In  the  frog,  section  of 
the  ner\'es  from  the  saccular  maculae  does  not  produce  any  disturbance 
of  orientation. ''  Von  Buddenbrock^^  states  that  the  sacculus  does  not  function 
in  orientation  except  in  rabbits,  in  which  vertical  eye  movements  are  elicited 
by  stimulation  of  the  sacculus.  The  consensus  at  present""'  -^^  is  that 
the  sacculus  responds  to  mechanical  vibrations  of  low  frequency.  Con- 
cerning the  function  of  the  semicircular  canals,  there  exists  a  vast  litera 
j-yjg  40.  14,  70  j]^p  work  of  Lowenstein  and  Sand,"-  Steinhausen,""  and 
Dohlman--  serves  to  clarify  the  function  of  the  semicircular  canals. 

Lowenstein  and  Sand*'-  recorded  nerve  impulses  from  single  nerve  fibers 
from  an  excised  horizontal  semicircular  canal  of  the  skate.  Raja  clavata.  In 
all  preparations  the\'  obserxed  a  spontaneous  discharge  of  impulses  under 
stationary  conditions.  The  frequency  of  this  background  discharge  varied. 
Rotation  of  the  preparation  toward  the  side  of  the  canal  (ipsilateral  rotation) 
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produced  an  enhancement  of  impulse  discharge  (Figs.  187,  188);  rotation  in 
the  opposite  direction  (contralateral  rotation)  produced  a  decrease  of  the 
spontaneous  discharge  (Figs.  187,  189).  The  impulse  frequency  increases 
(or  decreases)  uniformly  with  constant  angular  acceleration.  Rotation  at 
constant  velocity  produces  an  initial  increase  (or  decrease)  of  impulse 
frequency,  during  the  acceleratory  phase,  followed  by  a  gradual  return  to 
the   spontaneous   discharge  level   in   20   to   30  seconds   (Fig.    190).   Stein- 
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Fig.  187.  Photograph  of  oscillographically  recorded  spike  potentials  obtained  from  a 
nerve  branch  to  the  left  horizontal  ampulla  of  the  skate.  The  uniformity  of  the  large 
spikes  indicates  the  response  of  a  single  fiber.  A,  Response  of  a  single  unit  to  ipsilateral 
angular  accelerations.  The  angular  acceleration  (15  degrees  per  sec.)  is  indicated  by  the 
broken  black  lines  of  unequal  lengths.  Note  the  spontaneous  activity  in  other  fibers 
before  and  after  acceleration.  B,  Response  of  the  same  unit  to  contralateral  angular 
accelerations.  From  Lowenstein  and  Sand."" 

hausen**^' ""  and  Dohlman--  observed  and  photographed  the  cupula  in 
intact  semicircular  canals  of  the  pike.  The  results  of  both  investigators 
show  that  the  cupula  nearly  fills  the  lumen  of  the  ampulla  and  is  displaced 
sharply  to  one  side  on  rotation  of  the  animal  (Fig.  191).  Introduction  of 
an  oil  droplet  into  the  canal  (by  Dohlman)  shows  that  the  displacement 
of  fluid  is  responsible  for  the  movement  of  the  cupula.  Analysis  of  the 
time  relations  indicates  that  a  cupula  displaced  by  sudden  acceleration  re- 
turns to  its  resting  condition  in  about  20  seconds.  (Fig.  192).  The  cupula 
thus  acts  as  a  highly  damped  pendulum  having  a  period  of  20  seconds. 
The  results  of  these  investigations  indicate   that   the   movement   of   the 
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Fig.  188.  Relationship  between  the  frequency  of  the  spike  potential  discharge  and 
ipsilateral  angular  acceleration.  The  horizontal  line  indicates  the  frequency  level  of 
spontaneous  discharge.   From  Lowenstein  and  Sand."^ 


seconds 

Fig.   189.  Relationship  between  the  frequency  of  spike  potential  discharge  and 
contralateral  angular  acceleration.  From  Lowenstein  and  Sand.°" 


cupula  is  the  adequate  stimulus  for  changing  the  frequency  of  nerve  im- 
pulses in  the  afferent  nerve  fibers.  Thev  show  further  that  a  given  canal 
will  respond  to  rotation  in  two  directions.  The  earlier  notion,^"*  that  in 
fishes,  amphibia,  and  reptiles  the  movement  of  fluid  in  the  semicircular 
canals  stimulates  only  in  one  direction,  is  not  quite  correct.  What  is  im- 
plied here,  probably,  is  that  the  functional  organization  of  the  nervous 
systems  in  these  animals  does  not  take  cognizance  of  a  reduction  in  nerve 
impulse  frequency. 
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Equilibrium  Orientation  in  Vertebrates.  Numerous  experiments  on  the 
effects  of  labyrinthectomy  have  been  reported  on  a  great  variety  of  ani- 
^^js  9. 14.  27. -'8.  30, :«,  34,  39,  50,  68  Removal  of  onc  labyrinth  produces  an  ab- 
normal posture  in  which  the  head  and  neck  are  bent  toward  the  operated  side. 
In  the  absence  of  other  sensory  cues  (see  below),  this  abnormal  reaction  is 
always  present  and  is  called  a  primary  symptom.  Other  symptoms  of  ab- 
normal posture  appear  after  the  operation  but  gradually  subside,  until  the 
orientation  and  response  of  the  organism  is  normal.  These  are  called 
secondary  symptoms.    Most  animals  with   only  one   labyrinth   typically   re- 
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Fig.  190.  Relation  of  spike  potential  discharge  frequency  to  rotation  (A,  ipsilateral, 
and  B,  contralateral)  at  constant  speed  of  36  degrees  per  second,  as  a  function  of  time. 
The  horizontal  lines  indicate  the  frequency  level  of  spontaneous  activity  at  the  onset  of 
each  experiment.  Note  the  early  occurrence  of  a  maximum  change  followed  by  tendency 
to  level  off  above  and  below  the  spontaneous  discharge  level.  From  Lowenstein  and  Sand."' 

spond  to  rotation  in  both  directions,  suggesting  that  onc  labyrinth  is  capable 
of  serving  an  organism  satisfactorily,  a  suggestion  confirmed  by  the  study 
(;f  impulses  in  labyrinthine  nerves. 

The  removal  of  both  labyrinths  produces  effects  which  differ  in  animals. 
Frogs  thus  prepared''  maintain  an\'  imposed  posture  of  which  they  are 
capable.  Mammals,  except  rabbits  and  guinea  pigs,  seem  to  behave  quite 
normally,  provided  the  eyes  are  intact,  except  under  two  circumstances. 
When   a   bilaterally  labyrinthcctomized  animal  is  placed  in  water,  orienta- 
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don  does  not  take  place,  and  drowning  results.  The  other  circumstance 
is  falling  through  air.  A  normal  cat  always  lands  on  its  feet  regardless  of 
its  position  at  the  instant  of  falling,  by  executing  a  series  of  righting  re- 
actions while  in  the  air.  A  bilaterally  labyrinthectomized  animal  cannot 
right  itself  during  a  fall.-^'  ^'-^  Bilaterally  labyrinthectomized  pigeons-^"  eventu- 
ally regain  some  ability  to  fly,  only,  however,  when  there  is  no  interference 
with  vision.  These  observations  seem  to  indicate  that  higher  animals  can, 
under  most  circumstances,  compensate  for  the  loss  of  both  labyrinths. 


0. 


Fig.  191.  The  ampulla  and  semicircular  canal  photographed  in  the  living  state  (pike) 
before  and  during  angular  acceleration.  B,  oil  droplet  in  canal  before  acceleration;  C,  oil 
droplet  during  acceleration;  h,  position  of  cupula  before  acceleration;  c,  position  of  cupula 
during  acceleration.  After  Dohlman,  from  Fulton.™ 

The  question  naturally  arises,  "Where  does  the  labyrinthectomized 
animal  obtain  the  sensory  information  necessary  for  orientation?"  The 
answer  to  this  question  has  been  supplied  largely  through  the  investigations 
of  Magnus"'^  and  has  been  excellently  reviewed  by  Evans.^^  Labyrinthec- 
tomized dogs  and  cats  orient  their  heads  well  when  supported  in  air  by  the 
pelvis,  f^owever,  if  these  animals  are  blindfolded  under  similar  circum- 
stances, no  orientation  of  the  head  takes  place.  In  rabbits  and  guinea 
pigs,  renowned  for  their  lack  of  visual  righting  reflexes,  no  orientation 
of  the  head  takes  place,  even  without  blindfolding.  These  experiments 
indicate  that  vision  is  an  important  adjunct  to  labyrinthine  function  in 
orientation.     If  a  labyrinthectomized  rabbit  is  held  in  the  air  by  the  pelvis. 
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the  head  is  not  oriented  but  falls  into  an  abnormal  position  due  to  the 
force  of  gravity.  If  this  animal  is  now  placed  on  its  side  on  the  table, 
the  head  will  right  itself.  If  a  weighted  board  is  placed  on  the  upper  side 
of  the  animal,  the  head  is  not  righted,  indicating  that  unsymmetrical  stimu- 
lation of  cutaneous  receptors  affords  a  sensory  cue  for  righting.  The 
righting  of  the  head  in  such  labyrinthectomized  rabbits  is  followed  by 
righting  of  the  body.  If  the  head  is  held  so  that  it  cannot  be  oriented, 
the  body  of  the  rabbit  will  right  itself,  followed  by  righting  of  the  head, 
if  permitted.  This  indicates  that  the  neck  may  also  be  the  source  of  sensory 
cues  for  righting.  That  this  is  so  can  be  demonstrated  clearly  in  labyrin- 
thectomized decerebrate  (brain  stem  divided  just  anterior  to  entry  of  the 
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Fig.  192.  Relation  between  deflection  of  cupula  in  the  intact  semicircular  canal  of  the 
pike  and  time,  during  prolonged  rotation.  Solid  lines  indicate  the  position  of  the  cupula 
(measured  in  arbitrary  units)  after  the  onset,  during  and  after  rotation.  The  lower  broken 
lines  indicate  the  deflection  upon  stopping  the  rotation  at  the  times  indicated.  The  upper 
broken  line  indicates  the  theoretical  movement  of  endolymph  in  the  canal.  Each  division 
of  the  time  base  is  equal  to  1-1/3  seconds.   From  Steinhausen.** 

eighth  cranial  nerve)  animals.  Forced  rotation  of  the  head  in  such  ani- 
mals produces  an  increase  of  extensor  tonus  (tonic  contractions  of  ex- 
tensor muscles  are  increased)  on  the  side  toward  which  the  nose  is  turned. 
Section  of  the  cervical  dorsal  roots  abolishes  this  response,  suggesting  that 
sense  organs  (proprioceptors)  in  the  neck  muscles  are  its  source. 

In  normal  vertebrates,  distinct  reactions  to  rotation  are  evident.  When 
an  animal  is  rotated  to  the  right,  the  eyes  tend  to  remain  fixed  on  an  object 
as  long  as  possible,  the  head  gradually  moving  to  the  left  as  far  as  possible, 
then  shifting  suddenly  to  the  right.  This  cycle  of  movement  is  repeated, 
and  is  called  head  nystagmus.  After  rotation  has  been  stopped,  the  nystagmus 
is  in  the  opposite  direction.  The  eyes  exhibit  reactions  similar  to  those  of 
the  head,  and  these  are  referred  to  as  eye  nystagmus.     Such  compensatory 
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eye  and  head  movements  are  absent  in  bilaterally  labyrinthectomized 
animals,  provided  optical  stimulation  is  absent.  However,  bilaterally  labyrin- 
thectomized dogs  can  discriminate  high  angular  accelerations,  as  demon- 
strated by  conditioned  reflex  methods. '^'^  The  sensory  cue  involved  in  this 
discrimination  possiblv  originates  in  proprioceptors  of  the  neck  muscles. 
Human  beings,  subjected  to  constant  deceleration,"*^  give  markedly  different 
responses  when  the  whole  body  is  tilted  and  when  only  the  head  is  tilted 
during  the  deceleration.  Those  differences  in  response  are  attributed  to  the 
role  of  the  proprioceptors  of  the  neck  muscles. 

It  is  well  established  that,  after  rapid  acceleration  and  deceleration,  eye 
movements  persist  for  about  20-30  seconds.  Heyer,^*  working  with  human 
subjects  under  constant  conditions  of  acceleration  and  deceleration,  demon- 
strated that  the  subjective  sensation  of  rotation  persisted  significantly  longer 
on  acceleration  than  on  deceleration.  This  difference  in  duration  of  sen 
sation  is  not  understood.  It  is  safe  to  say,  however,  that  the  duration  of 
eye  movements  and  subjective  sensation  roughly  parallels  the  time  course 
of  cupula  deflection. 

Orientation  in  Flying  Insects.  Statocysts  are  rare  in  these  animals  and, 
until  recently,  orientation  has  been  analyzed  only  in  the  Nepidae  or  water 
bugs.  These  animals  are  negatively  geotactic,  which  presumably  enables 
them  to  reach  the  surface  of  the  water  for  breathing  purposes.  They  collect 
a  bubble  of  air  on  the  under  side  of  their  abdomen,  which  is  then  utilized 
during  their  underwater  exploits.  Along  the  lateral  edges  of  the  abdomen 
there  is  a  trough  in  which  are  located  a  series  of  pits;  believed  to  con- 
tain sense  organs. ^^  These  pits  are  filled  with  air.  In  the  normal  attitude 
of  the  bug,  the  bubble  shrinks  posteriorly  as  the  air  is  used.  This  causes 
the  air-water  interface  to  activate  the  sense  organs  and  signal  the  organism 
to  ascend. 

More  recently  Pringle'^"  demonstrated  that  the  halteres  are  gyroscopic 
mechanisms  which  signal  any  departure  from  the  normal  attitude  and 
presumably  initiate  reflex  adjustment.  The  halteres  are  found  in  all  groups 
of  Diptera  as  dumbbell-shaped  organs  located  behind  the  wings.  These 
halteres  are  rather  complex  (Fig.  193),  bearing  a  rich  supply  of  sense 
organs,  a  muscle,  and  a  hinge,  and  are  of  a  shape  suited  to  their  func- 
tion. These  halteres  oscillate  rapidly  in  a  vertical  plane  during  flight  at 
frequencies  of  100  to  200  cvcles  per  second  (c.p.s.).  Under  normal  cir- 
cumstances the  wings  and  halteres  are  synchronized,  but  this  is  not  always 
so.  There  does,  however,  seem  to  be  some  coupling  between  the  oscillation 
of  the  wings  and  that  of  the  halteres.  The  oscillation  of  the  haltere  begins 
by  mechanical  stimulation,  i.e.,  stretching  of  the  muscle.  Motor  nerve  im 
pulses  or  electrical  stimulation  does  not  produce  contractions  but  merely 
seems  to  enhance  the  excitability  of  the  muscle  for  mechanical  stimulation. '''* 
That  a  reflex  of  some  sort  is  not  involved  is  indicated  by:  (1)  the  persistence 
of  this  response  under  conditions  of  anesthesia  which  abolish  other  reflexes, 
(2)  the  persistence  of  this  response  when  the  muscle  and  its  nerve  is  sep- 
arated from  the  thoracic  ganglion;  (3)  the  persistence  of  the  response  when 
the  proprioceptive  sense  organs  (campaniform  sensilla)  of  the  wing  base 
are  removed;  and  (4)  the  lack  of  sense  organs  in  the  haltere  muscle  and 
indirect  flight  muscles.    The  fact  that  electrical  stimulation  elicits  no  con- 
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traction  (except  at  low  frequencies  in  certain  instances:  fusion  at  10/sec. 
in  haltere  muscle),  and  the  fact  that  there  is  no  synchrony  between  oscilla- 
tion of  the  muscle  and  incidence  of  motor  nerve  impulses  or  electrical  stimuli, 
seem  to  indicate  that  these  are  not  concerned  directly  with  contraction  of 
these  insect  musclesJ^ 

The  natural  stimulus  for  initiating  haltere  oscillation  seems  to  be  the  dis- 
tortion of  the  thorax  caused  by  the  indirect  flight  muscles.  This  can  be 
simulated  bv  pressing  on  the  sternum  of  a  slightly  anesthetized  fly  with 
a  needle.  Contraction  of  the  haltere  muscle  causes  dorsiflexion  of  the 
haltere;  relaxation  of  the  muscle  is  accompanied  by  ventral  movement  due 


Fig.  193.  Ventral  (V)  and  dorsal  (D)  views  of  the  left  haltere  of  Lucilia  sericata.  c, 
condyle  of  secondary  articulation;  h,  main  hinge  line;  m,  point  of  muscle  attachment; 
P,  strong  point  in  the  articulation;  hp,  basal  plate;  dsp,  dorsal  scapal  plate;  dHp,  dorsal 
Hicks  papillae;  Icho,  large  chordotonal  organ;  up,  undifferentiated  papillae;  vsp,  ventral 
scapal  plate;  vHp,  ventral  Hicks  papillae,  (X  100).    (Pringle.'^) 

to  the  elasticity  of  the  hinge.  The  ventral  movement  again  acts  as  a 
stretch  stimulus,  and  the  cycle  is  repeated,  presumably  as  long  as  the  ar- 
rival of  nerve  impulses  to  the  haltere  muscle  maintains  a  heightened  ex- 
citability. 

The  haltere,  its  joint,  and  the  muscle  form  a  mechanical  system  which 
oscillates  at  its  resonance  frequency.  Reducing  the  mass  of  the  haltere 
increases  its  frequency  of  oscillation. 

Removal  of  the  halteres  seriously  interferes  with  the  ability  to  fly  (Fig. 
194),  particularly  affecting  the  ability  to  maintain  orientation  in  the  hori- 
zontal plane.  The  flight  abnormalities  are  not  always  the  same  but  they 
always  exist,  unless  some  powerful  orienting  stimulus,  as  a  source  of  light, 
is  present. 

How  the  halteres  regulate  orientation  during  flight  is  shown  in  Figure  195. 
The  center  of  gravity  of  the  haltere  lies  to  the  rear  of  the  haltere  axis.  When 
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the  haltere  oscillates  about  axis  AA,  the  line  BB  will  tend  to  move  into  the 
position  yy,  due  to  a  torcjue  which  develops  as  a  result  of  the  displaced 
center  of  gravity.  This  torque  is  discontinuous,  fluctuating  at  twice  the 
frequency  of  the  haltere  oscillation,  but  the  damping  of  the  fluid  contents 
averages  out  these  oscillations.  If  the  haltere  oscillations  end  abruptly  the 
backward  movement  of  the  haltere  can  be  clearly  seen:  it  has  a  delay  of 
about  Vz  sec.  Thus,  during  vertical  oscillation  of  the  haltere,  forces  exist 
which  move  the  haltere  forward.  It  is  this  movement  of  the  haltere  that  is 
significant  in  orientation,  for  it  is  affected  by  movements  of  the  organism 
about  its  transverse  and  longitudinal  axes  (pitch  and  roll)  and  its  vertical 
axis  (yaw). 


Fig.  194.  Tracings  from  flash  photographs  of  a  haltereless  fly,  Eristalis  tenax,  in  free 
flight.  The  interval  between  exposures  is  Vk  sec.  Note  the  instabihty  in  the  horizontal 
or  yawing  plane.   From  Pringle." 

The  electrical  recording  of  action  potentials  in  the  nerve  innervating  the 
haltere  sense  organs,  under  conditions  of  normal  flight,  pitching,  rolling,  and 
yawing,  indicates  considerable  differences.  Oscillations  of  the  halteres  with 
normal  attitude  result  in  the  appearance  of  a  burst  of  impulses  for  each 
half  cycle  of  oscillation,  presumably  occurring  at  the  maximum  and  min- 
imum of  each  excursion.  There  is  a  period  of  inactivity  between  each 
burst  of  impulses.  During  rotation  in  the  rolling  plane  the  nerve  activity 
is  augmented,  but  not  to  the  extent  that  it  is  by  movement  in  the  yawing 
plane.     Presumably    the    altered    nerve    discharge    pattern    produces    reflex 
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changes  in   the  wing  beat  which  will  restore  the  normal  attitude  of  the 
flying  insect. 

The  morphological  analysis  of  the  structure  and  orientation  of  the  sense 
oroans  may  be  summarized  as  follows: 

I.     Sensitive  to  strains  produced  by  vertical 
oscillation  of  the  haltere 

1 .  Dorsal  scapal  plate 

2.  Ventral      " 

3.  Dorsal  Hicks  papillae 

4.  Ventral 

5.  Small  chordotonal  organ 

II.     Sensitive  to  strains  produced  by  gyroscopic  torque 

1 .  Basal  plate 

2.  Large  chordotonal  organ 

The  halteres  function  as  gyroscopic  organs  of  equilibrium  sense. 


Fig.    195.    Diagram   to   illustrate   the   mechanics   of   haltere    articulations.     Pringle. 


SUMMARY 

Mechanoreceptors  are  important  in  the  positioning  of  animals.  Some- 
times the  "rest"  position  is  one  of  contact  stimulus  on  one  side,  as  in  the 
orientation  of  blind  fish  on  a  stream  bottom  or  as  in  the  inhibition  of 
insect  flight  by  tarsal  contact.     Sometimes  there  is  a  balance  of  bilateral 
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stimulation,  as  in  a  worm  crawling  in  a  crevice.  In  general  tactile  receptors 
are  most  abundant  in  those  regions  of  an  animal  where  there  is  most  likely 
to  be  contact  with  extraneous  objects.  Vibration  receptors  are  di\'erse— 
lateral  line  organs  of  fish,  sensilla  attached  to  the  exoskeleton  of  insects, 
tendon  and  muscle  receptors  of  mammals.  A  change  in  plane  is  signaled 
by  equilibrium  receptors  or  by  a  combination  of  statocysts,  tension  receptors, 
and  eyes. 

Several  questions  deserve  investigation.  What  is  the  mechanism  by  which 
deformation  excites  a  cell?  A  continuous  "spontaneous"  activity  is  found  in 
sensory  nerves  from  fish  lateral  hues,  in  ampullae  of  Lorenzini  of  elasmo- 
branchs  (which  are  said  not  to  be  mechanoreceptors),  and  in  vertebrate  laby- 
rinths. Are  these  impulses  dependent  on  some  very  slight  sensory  stimulation 
or  do  the  sense  organs  contain  cells  which  discharge  spontaneously  like  some 
central  nervous  system  neurones?  Two  kinds  of  adaptation  of  mechano- 
receptors are  recognized,  primary  adaptation  during  continued  steady  de- 
formation, and  secondarv  adaptation  during  repeated  deformation  of  end- 
ings which  adapt  rapidly  to  one  deformation.  What  are  the  mechanisms 
of  these  two  types  of  adaptation?  There  is  evidence  that  secondary  adapta- 
tion of  frog  tactile  receptors  results  from  an  accumulation  of  potassium  around 
them;  does  this  account  for  the  similar  adaptation  of  vibration  receptors? 
Another  question  concerns  the  action  of  the  receptors  of  hydrostatic  pressure 
in  keeping  deep-sea  and  surface  fish  at  the  proper  ocean  depth. 

Mechanical  stimuli  (except  for  hydrostatic  pressure)  can  hardly  be  con- 
sidered as  limiting  animal  distribution,  but  they  are  important  in  keeping 
animals  in  position  for  their  normal  life  activities.  Equilibrium  receptors  are 
found  in  manv  animals  and  appear  to  be  particularly  important  for  animals 
which  are  free  swimming,  for  example,  jellyfish,  elasmobranchs,  and 
teleosts,  and  in  flying  animals,  particularly  birds  and  certain  flying  insects. 
Equilibrium  receptors  are  also  especially  important  when  the  center  of 
gravity  is  well  above  substratum  as  in  many  birds  and  mammals. 
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CHAPTER  15 


Circulation  of  Body  Fluids 


T 

■  N  THE  PRECEDING  CHAPTERS  the  phvsiological  and  biochemical  adapta- 

■  tions  to  specific  environmental  factors  have  beer.  :l'"'~cribed.    We 
M  now  pass  to  a  series  of  functions  which  serve  in  reactions  of  the 

organism  to  the  environment  as  a  whole.  We  shall  consider  first  the  circulation 
of  body  fluids,  the  mechanisms  for  the  transport  of  food,  oxygen,  waste 
products,  hormones,  phagocytic  cells,  and  other  materials  from  one  part  of 
the  animal  to  another. 

THE  CIRCULATORY  SYSTEM  AS  A  WHOLE 

Morphological  Types  of  Transport  Mechanisms.  A  definitive  and  mutually 
exclusive  morphological  classification  of  transport  mechanisms  is  impossible, 
because  various  animals  have  dissimilar  structures  serving  the  same  function. 
A  working  classification  follows,  with  the  recognition  that  it  is  incomplete 
and  that  many  degrees  of  intergradation  exist. •^•■ 

Intracellular  Transport.  In  protozoans  there  is  usually  much  protoplasmic 
movement,  this  streaming  supplementing  simple  diffusion  in  the  exchange 
of  materials  between  the  organism  and  its  environment.  Considerable 
churning  and  mixing  is  an  accompaniment  of  amoeboid  movement,  and  in 
many  ciliates  food  vacuoles  follow  a  definite  course  through  the  organism. 
In  metazoans  a  certain  amount  of  protoplasmic  streaming  occurs  in  most  if 
not  all  cells  (see  Ch.    17  for  discussion  of  streaming). 

Extra-organismic  Mechanisms  of  Transport.  In  many  animals,  particularly 
sponges  (Fig.  196,  A)  and  coelenterates  (Fig.  196,  B),  the  water  in  which 
the  animals  live  provides  an  efi^ective  medium  for  transport.  Exchange 
between  body  cells  and  external  medium  is  as  free  as  it  is  in  the  Protozoa. 
The  external  medium  passes  in  and  through  definite  channels  and  may 
transport  food,  oxygen,  and  possible  coordinating  substances  from  one  region 
of  the  animal  to  another,  as  in  the  coelenteron  of  coelenterates.  In  the 
channels  the  fluid  may  be  propelled  by  ciliary  activity  or  by  muscular  move- 
ment of  the  animal.  Fluid  from  outside  may  enter  special  cavities  and  be 
passed  through  these  cavities  in  a  definite  fashion,  to  serve  principally  in 
respiration  and  digestion. 

Transport  in  FluidTilled  Body  Spaces:  Transport  in  primary  body 
CAVITIES.  A  special  body  fluid  is  transported,  chiefly  by  muscular  movement, 
through  various  types  of  primary  body  cavities.  A  pseudocoelom  is  found 
in  such  groups  as  nematodes  (Fig.  196,  C),  ectoprocts,  and  rotifers.  A 
hemocoel  comprises  the  principal  passages  in  the  "open"  circulatory  system 
present  in  most  arthropods  and  in  many  molluscs.     Here  a  heart  pumps 
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blood  out  through  arteries  which  reach  body  tissues  by  way  of  blood  spaces 
which  are  derived  from  the  blastocoel  or  primary  body  cavity.     The  blood, 

I,  ^^Osculum 
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D^    D 
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Fig.  196.  Types  of  mechanisms  for  internal  transport:  A,  "Sponge"  type  with  "hated 
channels.  B,  "Coelenterate"  type.  C.  "Nematode"  type  with  pseudocoel  pnmary  body 
cavity.  D,  "Oligochaete"  type  with  coelom  and  closed  blood  system.  E,  Crustacean- 
molluscan"  type  with  blood  system  opening  to  hemocoel  which  is  derived  from  primary 
body  cavity  or  blastocoel.  F,  "Vertebrate"  type  with  coelom,  closed  vascular  system,  and 
lymphatic  channels. 

sometimes  called  hemolymph,  in  these  animals  moves  slowly  back  from  the 
tissue   and   the   intercellular   spaces   and   hemocoelic   sinuses    to   the   heart 
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(Fig.  196,  E).  The  primary  body  cavity  persists  in  internal  transport  in 
the  form  of  intercellular  spaces,  in  animals  with  closed  circulatory  systems. 

CoELOMic  INTERNAL  TRANSPORT.  The  coelom  is  a  special,  mesodermally 
lined  organ,  more  or  less  extensive  in  such  groups  as  echinoderms,  annelids, 
sipunculoids,  ectoprocts,  and  chordates.  In  the  blood-sucking  (Gnathob- 
dellid)  leeches  the  coelom  is  reduced  to  a  system  of  tubes  which  contain  a 
pigmented  fluid.  Also  in  some  polychaetes  and  echinoderms  the  coelomic 
fluid  contains  corpuscles  with  respiratory  pigments.  The  coelom  is  reduced, 
in  those  molluscs  with  hemococlic  circulation,  to  the  pericardial  cavity  and 
the  lumen  of  gonads  and  kidneys;  the  coelom  is  reduced  in  arthropods 
(Crustacea  particularly)  to  cavities  of  gonads  and  kidneys.  In  vertebrates 
the  coelom  persists  as  peritoneal,  pericardial,  and  pleural  cavities. 

Blood  vascular  system.  A  closed  system  of  tubes,  often  with  one  or 
more  pumps,  is  found  in  oligochaetes  (Fig.  196,  D),  many  polychaetes, 
rhynchobdellid  leeches,  phoronids,  brachiopods,  nemerteans,  cephalopod 
molluscs,  holothurians,  sipunculoids,  and  vertebrates.  The  blood  and  tissue 
fluids  are  separate,  although  a  certain  amount  of  exchange  occurs  between 
them.  The  blood  comes  into  intimate  association  with  the  tissues,  either  by 
capillaries  or  by  closed  sinuses. 

Lymphatic  channels.  In  the  vertebrates  (Fig.  196,  F)  the  intercellular 
space  (primary  body  cavity)  is  connected  with  the  blood  vascular  system 
through  lymph  channels.  These  converge  on  veins  and  form  a  lined  net- 
work which  may  be  as  extensive  as  the  capillary  bed.  In  some  animals 
(amphibians  and  teleosts),  there  may  be  lymph  hearts. 

In  the  above  classification  each  system  builds  on  the  preceding  ones.  There 
may  be  numerous  fluid  compartments  in  one  animal.  For  example,  in  ver- 
tebrates the  fluid  spaces  are:  cardiovascular  system,  lymphatics,  intercellular 
spaces,  and  coelom.  The  distinction  between  "open"  and  "closed"  vascular 
systems  is  relative  rather  than  absolute.  Those  animals  in  which  the  blood 
passes  from  arteries  to  veins  predominantly  by  way  of  small  lined  vessels 
can  be  considered  to  have  closed  vascular  systems.  In  general,  the  efficiency 
of  a  closed  system  is  greater  with  respect  to  velocity  of  blood  flow,  economy 
of  blood  volume,  and  maintenance  of  blood  pressure. 

Blood  Volume.  In  animals  with  a  closed  circulatory  system  the  volume 
of  circulating  fluid  is  relatively  fixed.  If  the  fluid  volume  increases,  the 
pressure  in  the  system  rises;  if  the  fluid  volume  is  diminished  the  pressure 
falls.  Determinations  of  blood  volume  are  made  by  measuring  the  dilution 
of  a  known  quantity  of  some  material  which  is  added  and  which  remains 
confined  to  the  blood  stream.  Early  investigators  measured  the  concentra- 
tion of  hemoglobin  in  a  small  sample  of  blood;  they  then  drained  out  the 
blood  from  the  animal,  extracted  the  hemoglobin  from  the  viscera,  and 
calculated  the  blood  volume.  Another  method  for  calculating  blood  volume 
is  by  using  carbon  monoxide,  which  can  be  given  in  a  small  known  amount. 
On  the  assumptions  that  circulating  cells  pick  up  CO  and  that  complete 
mixing  occurs  rapidly,  the  total  blood  volume  can  be  calculated  from  concen- 
tration of  carboxyhemoglobin.  Dyes  are  also  used:  Evans  blue  (T-1824) 
combines  with  plasma  albumin  in  vertebrates  and  leaves  the  blood  very 
slowly;  a  known  amount  of  dye  is  injected  and  the  dilution  of  dye  in  the 
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blood  is  measured.  Red  blood  cells  containing  radioactive  iron  or  phos- 
phorus, or  protein  with  radio-iodine,  have  also  been  utilized  in  determining 
blood  volume.  These  various  methods  consistently  give  somewhat  different 
values  of  estimated  blood  volume,  and  much  has  been  written  explaining 
these  differences.  More  striking,  however,  is  their  general  agreement.  In 
Table  66  are  given  some  blood  volume  measurements  made  by  bleeding  and 
hemoglobin  estimation,  and  published  in  1854  by  Welcker,  and  beside 
them  a  few  values  obtained  by  modern  methods. 

The  blood  volume  in  mammals  comprises  normally  7  to  10  per  cent  of 
the  body  weight.  The  lymph  volume  is  not  known  in  any  animal,  but  the 
total  extracellular  space  as  indicated  by  such  substances  as  thiocyanate  and 
by  radioactive  sodium,  materials  which  are  taken  up  very  little  by  tissue  cells, 
is  20  to  30  per  cent  of  the  body  weight  of  mammals.  Birds  and  amphibians 
have  blood  volumes  similar  to  those  of  mammals.  In  elasmobranchs  the 
blood  volume  is  less  (about  5  per  cent  of  body  weight),  whereas  teleosts 
have  the  least  blood  (1.5  to  3  per  cent). 

In  animals  with  open  circulation  the  blood  volume  should  be  essentially 
the  same  as  the  total  extracellular  volume  in  animals  with  a  closed  circula- 
tion. Such  data  as  are  available  are  given  in  Table  66.  In  Camharus  both 
the  T-1824  space  and  the  thiocyanate  space  are  25  per  cent  of  body  weight. ^^^^ 
The  blood  volume  as  given  by  hemoglobin  determinations  is  of  the  same 
order  (30  per  cent)  in  Arenicola  and  Planorhis;  the  blood  system  in  Arenicola 
is  closed,  and  it  is  difficult  to  account  for  this  large  volume.  The  blood 
volume  of  larval  insects  is  probably  much  larger  than  that  of  adult 
insects. ^*'^-  -^^  Thiocyanate  and  T-1824  volumes  are  also  similar  in  fresh-water 
mussels  but  are  low  (9-9.5  per  cent  of  body  volume),  possibly  because  of 
by-passing  some  sinuses. ^^**"  In  many  invertebrate  animals  the  specific  gravity 
of  the  body  differs  from  that  of  the  blood,  hence  blood  volumes  are  better 
expressed  as  fraction  of  body  volume. 

In  circulatory  systems  a  small  blood  volume  is  more  efficient  than  a  large 
blood  volume,  in  that  the  same  blood  is  re-used  more  frequently  in  transport; 
on  this  basis  the  circulation  of  bony  fish  is  more  efficient  than  that  of  crus- 
taceans. Measurements  by  modern  methods  of  the  partition  of  body  fluids 
in  animals  with  different  types  of  circulatory  systems  should  add  materially 
to  our  understanding  of  the  maintenance  of  fluid  balance. 

Pressure  in  Closed  Circulatory  Systems:  Measurement  and  Regulation. 
In  any  closed  tubular  system  containing  a  pump,  a  head  of  hydrostatic 
pressure  is  developed  at  the  pump  and  the  pressure  declines  with  frictional 
loss  in  the  tubes,  particularly  if  the  tubes  are  distensible.  The  principles  of 
blood  flow,  hemodynamics,  have  been  extensively  studied  and  are  discussed 
in  detail  in  textbooks  of  mammalian  physiology.^-*'  In  man  the  pressure 
in  a  large  artery  at  the  time  of  heart  contraction  (systole)  is  about  120  mm.  Hg, 
and  at  the  time  of  heart  relaxation  (diastole)  is  about  80  mm.  Hg,  often 
written  120/80.  The  difference,  or  pulse  pressure,  decreases  as  the  blood 
proceeds  to  smaller  vessels,  and  the  pressure  falls  off  rapidly  in  the  arterioles. 
Velocity  of  flow  is  slow  in  the  vast  capillary  bed,  then  in  the  veins  velocity 
increases  slightly  although  pressure  continues  to  decrease.  Blood  pressure 
is  normally  determined  by  the  peripheral  resistance,   the  head  of  pressure 
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TABLE  66.  BLOOD  VOLUME  IN  MILLILITERS  OF  BLOOD 
PER  100  GRAMS  OF  BODY  WEIGHT 

Measurements   by    bleeding   and    hemoglobin    estimation,    carbon    monoxide,    and    dye 

(T-1824)  dilution.    Values  by  Welcker  (W)  are  quoted  from  Reichert 

and  Brown.'"*  Some  experimental  data  have  been  averaged. 


Animal 

Bleeding  and 
Hb  Estimation 

CO  Method 

Dye  Method 

Man  (W) 

7.6 

Man"^ 

8.21 

8.4 

Man"^ 

8.02 

8.05 

Dog  (W) 

7.4 

Dog"- 

9.54 

9.52 

Dog-== 

7.2 

Dog-' 

10.12 

10.77 

Dog^« 

7.9 

Dog"= 

9.54 

10.5  (I  protein  9.4) 

Rabbit^* 

7.0 

Rabbit  (W) 

5.5 

Rabbit'^-" 

6.2 

Bull  (W) 

7.7 

Goat"'^ 

6.2 

Goat^« 

7.0 

Horse'"' 

9.7 

Horse** 

- 

7.2 

Mouse'«^ 

8.1 

Pigeon  (W) 

9.2 

Pigeon"'^ 

7.8 

Small  birds"'^ 

8.0 

Lacerta  agilis" 

3.02 

Chrysemys  picta"' 

7.56 

Rana  temp.'" 

4.61 

R.  catesb."' 

6.42 

Rana  pipiens'""" 

27.3  CSCN) 
8.0CT-1824) 

Frog" 

8.74 

Frog  (W) 

5.7 

Salamander  (W) 

6.3 

Bony  fish  (W) 

1.5-2.0 
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TABLE  66  (continued) 

BLOOD  VOLUME  IN  MILLILITERS  OF  BLOOD  PER 

100  GRAMS  OF  BODY  WEIGHT 


Animal 

Bleeding  and 
Hb  Estimation 

CO  Method 

Dye  Method 

Tautoga^'' 

1.5 

Ameiurus''^'"' 

4.0  (SCN) 
1.8  (T-1824) 

Ophiodon  (ling  cod)"" 

3.1  (T-1824) 

Sebastodes"" 

2.8  (vital  red) 

Cottus^'^ 

2.7  (vital  red) 

Raja  rhina"* 

5.3  (T-1824) 

Raja  binoculata"" 

4.4  (T-1824) 

Squalus  acanth.'^' 

3.7 

Squalus  sucklii 

^136 

5.2 

$  no  young 

4.4 

$  with  young 

11.2 

Lamprey  (W) 

5.7 

Planorbis^ 

30.0 

Planorbis^' 

58.1 

Fresh-water  musseP'^"" 

9.5  (T-1824) 
9.0  (SCN) 

Arenicola''^ 

29.0 

* 

Arenicola'^" 

38.2 

Carcinus"^ 

37  (SCN) 

Eriocheir^" 

33  (SCN) 

Cambarus  virilis'"'" 

25.6  (SCN) 
25.1  (T-1824) 

Bombyx  larva"" 

28.6-31.2 

Galleria  larva^"' 

41.0 

Periplaneta  adulr-'"^ 

4.7-6.9 

built  up  by  the  heart,  and  the  volume  of  blood.  Peripheral  resistance  is 
varied  by  constriction  and  dilatation  of  arterioles  and  capillaries,  constriction 
of  arterioles  being  by  action  of  smooth  muscle  and  constriction  of  capillaries 
largely  by  endothelial  contraction. ^-•*' ^^"^  ^-  The  peripheral  responses  may 
be  local,  as  by  direct  irritation  of  capillaries  or  by  axon  reflexes  (i.e.,  reflexes 
involving  efferent  branches  of  sensory  neurones),  or  the  peripheral  responses 
may  be  truly  reflex,  or  hormonal.    Receptors  are  located  in  the  carotid  sinus, 
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the  aortic  bodies  of  the  aortic  arch,  and  in  pain  endings.  Some  of  the  sensory 
endinas  of  the  carotid  sinus  are  stimulated  by  pressure  in  the  carotid  artery. 
Impulses  go  to  the  vasomotor  center  in  the  medulla  of  the  brain,  from  which 
vasoconstrictor  messages  leave  over  the  sympathetics,  and  vasodilator  messages 
by  several  pathways,  including  certain  parasympathetics.  A  delicate  balance 
exists  between  vasoconstrictors  and  vasodilators.  Parasympathetic  discharge 
causes  vasodilatation  and  a  fall  in  blood  pressure,  probably  associated  with 
liberation  of  acetylcholine,  whereas  sympathetic  constriction  is  associated  with 
liberation  of  adrenin  (sympathin)  somewhere  in  the  chain  of  innervation  of 
vessel  smooth  muscles.  Adrenalin"^  causes  a  rise  in  blood  pressure  by  its  vaso- 
constrictor action.  Numerous  long-term  factors,  such  as  variations  in  arterial 
elasticity,  presence  of  the  vasoconstrictor,  hypertensin,  from  the  kidneys, 
and  the  general  state  of  health,  contribute  to  basal  blood  pressure  levels. 

In  general,  the  resting  blood  pressure  is  higher  in  large  animals  than  in 
small  ones  (Table  67);  carotid  pressure  in  the  horse  ranges  up  to  190 
mm.  Hg.  Blood  pressure  at  birth  depends  on  the  state  of  development  of 
a  particular  species;  arterial  pressure  at  birth  in  the  rabbit  is  21  mm.  Hg, 
in  the  cat  25-30  mm.  Hg,  and  in  the  sheep,  an  animal  more  mature  at  birth, 
73  mm.  Hg.i« 

The  circulation  is  somewhat  more  sluggish  and  pressures  are  lower  in 
cold-blooded  vertebrates  than  in  warm-blooded  animals.  The  systolic  arterial 
pressure  in  the  frog  is  30  mm.  Hg,  in  gill  arteries  of  the  elasmobranch 
ScylUum  30  mm.  Hg,  and  in  gill  arteries  of  the  skate  Raja  20  mm.  Hg. 

The  blood  pressure  is  higher  in  bony  fishes  than  in  elasmobranchs.  In 
fishes  the  blood  leaves  the  heart  via  the  ventral  artery,  passes  through  gill 
capillaries,  and  then  enters  the  systemic  circulation  by  the  dorsal  artery.  The 
ratio  of  pressure  in  the  branchial  (ventral)  arteries  to  pressure  in  the  dorsal 
artery  is  about  3  to  2  (Table  67).  Pressure  in  the  pericardial  cavity  of  fishes 
is  negative."" 

Regulation  of  blood  pressure  in  fishes  contrasts  sharply  with  regulation  in 
tetrapods.  The  autonomic  system  of  fishes,  particularly  of  elasmobranchs,^^^ 
is  not  sharply  divided  into  sympathetic  and  parasympathetic  divisions.  The 
heart  of  fishes  receives  only  what  may  be  called  parasympathetic  (vagus),^^ 
and  the  peripheral  vessels  may  receive  only  sympathetic  innervation. '^  The 
blood  pressure  in  the  branchial  arteries  is  closely  correlated  with  heart 
activity;  if  water  flow  over  the  gills  of  a  skate  or  shark  is  stopped,  the  heart 
stops  and  blood  pressure  falls.  If  the  fish  is  injected  with  atropine,  which 
blocks  cardiac  inhibition  due  to  the  vagus  nerve,  cessation  of  water  flow  does 
not  affect  the  heart  and  blood  pressure."^  With  each  expiration  the  blood 
pressure  rises  momentarily.^-'^  Aff^erent  impulses  in  the  vagus,  hypobranchial, 
and  lateral  line  nerves  result  in  cardiac  and  respiratory  inhibition.^-"  Increase 
in  pressure  in  perfused  branchial  arteries  sets  up  sensory  impulses  in  the 
branchial  nerves,  and  the  sensory  discharge  occurs  when  the  arteries  fill  at 
each  heart  beat.^^'^  The  junction  of  the  third  branchial  vessel  and  the 
ventral  aorta  is  the  homologue  of  the  carotid  sinus  in  mammals.     Injection 

*  Adrenin  (equivalent  to  epinephrine)  is  the  natural  compound  produced  in  the  body. 
Adrenalin  is  a  commercial  product.  Sympathin  is  the  adrenin-like  substance  apparently 
hberated  at  adrenergic  nerve  endings. 
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TABLE  67.  BLOOD  PRESSURE  IN  VARIOUS  ANIMALS 


Expressed  in  mm.  Hg;  most  measurements  on  cold-blooded  animals  were  made  in  cm. 
H,0  and  have  been  recalculated  to  mm.  Hg.  Pressures  given  are  systolic/diastolic  (as 
120/80),  limits  of  systolic  (as  90-100),  or  mean  pressures. 


Vessel  or 

Animal 

Sinus 

Pressure  in  mm.  Hg 

Chorda  ta 

Man 

radial  artery 

120/80 

Horse* 

carotid  artery 

150-194 

Horse^^^ 

carotid  artery 

183 

Cow*" 

carotid  artery 

125-166 

Goat'^ 

carotid  artery 

120 

Goat'''= 

carotid  artery 

125 

Sheep"^ 

carotid  artery 

90-140 

SeaP"^ 

femoral  artery 

130-150 

Dog^^o 

femoral  artery 

110 

Rabbit'^ 

femoral  artery 

90-100 

Rat^« 

tail 

106 

Mouse^^" 

(2.5-5  mo) 

tail 

HI 

(13-14  mo) 

tail 

136 

Bat''^^ 

50 

Rabbit  at  birth'" 

21 

Cat  at  birth" 

25-30 

Sheep  at  birth'" 

73 

Rat'=' 

arteriolar  capillaries 

22 

Guinea  pig'"' 

arteriolar  capillaries 

28.3 

venous  capillaries 

25 

Fowl'^'^ 

180 

Cock"" 

carotid  artery 

135 

Stork'^'^' 

161 

Duck'^'^^ 

162 

Crow'" 

147 

Pigeon'^" 

145 

Crocodile'^" 

30-50 

Pseudemys  sp.'^'" 

18-35 

Pseudemys  elegans'"" 

31/25  (30°) 

Rana  pipiens^ 

30.5/21 

Rana  catesbiana"'" 

32/21.2 

Rana  sp." 

tibial  artery 

10.9-30.9 

Rana'" 

aorta 

22/11 

Rana"" 

dorsal  aorta 

30 

Lophius'"' 

36.8 

Chinook  salmon'*^ 

ventral  (branchial)  aorta 

74.6 

dorsal  artery 

53.3 

Gizzard  shad""' 

bulbus  arter. 

55/47.7 

Large  m.  bass^ 

bulbus  arter. 

51.4/48.5 

Channel  catfish" 

39.6/30.1 

Bullhead"-- 

23.5/18.4 

Scyllium'^* 

ventral  aorta 

33.1/29.4 

intest.  artery 

8.1-8.9 

Torpedo"^ 

ventral  aorta 

16.9/9.6 

intest.  artery 

5.87 

Raja  punctata'"* 

ventral  aorta 

16.1/7.4 

intest.  artery 

5.1 

Raja  sp.""' 

ventral  aorta 

20.6 

Raja  sp."" 

ventral  aorta 

13.2 
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TABLE  67  (continued) 
BLOOD  PRESSURE  IN  VARIOUS  ANIMALS 


Vessel  or 

Animal 

Sinus 

Pressure  in  mm.  Hg 

Squalus'^'" 

ventral  aorta 

28.2/14.9 

dorsal  art. 

15.4 

Carcharias'" 

ventral  aorta 

32 

dorsal  aorta 

23.3 

Ascidia^-^ 

2.0 

Arthropoda 
Maja^^ 

heart 

4/3.3 

pericardium 

1.8/1.5 

thoracic  sinus 

1.8-2.5 

Homarus^ 

dorsal  abd.  artery 

7.35/6.6 

Carcinus"" 

sternal  sinus 

9.6 

Astacus^^" 

last  walking  leg 

14.7 

Cambarus  (at  rest)'"' 

cheliped 

7.36 

2nd  walking  leg 

5.5 

4th  walking  leg 

5.6 

abdominal  sinus 

6.0 

Peripatopsis'"'" 

7.36 

Dragonfly  nymph''* 

abdominal  hemocoel 

12  hrs.  after  molt 

33.0 

freshly  molted 

13-25 

Mollusca 

Octopus  vulgaris'* 

aorta 

45/30 
(25-80) 

Octopus  vulgaris*" 

Limnaea  stag.'"' 

Anodonta'^"^ 

f.  w.  mussels  (at  rest)"" 


Annelida 

Earthworm"" 
(at  rest) 
(active) 

Glycera"™ 
(at  rest) 
(active) 

Neanthes"" 
(at  rest) 

(active) 

Arenicola" 
anesthetized 
quiet 
active 
burrowing 
Echinodermata 

Caudina"'" 
(at  rest) 
(active) 


aorta 

gill  veins 

hemocoel 

pericardium 

ventricle 

pericardium 

postrenal  sinus 

coelom 


body  cavity 


body  cavity 
dorsal  vessel 
body  cavity 
dorsal  vessel 
body  cavity 


body  cavity 


48-60 
5-6 

2.2-8.1 
4.4 

0.89/0.81 
1.03 
3.16 


4.4-5.5 
>9.3 

0.4-1.5 
up  to    5.9 

0.735 
1.1-2.2 

toll 

to  17.6 


2.94 
9.0 

26.4 
19.7 


11 
29.4 
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TABLE  67  (continued) 
BLOOD  PRESSURE  IN  VARIOUS  ANIMALS 


Vessel  or 

Animal 

Sinus 

Pressure  in  mm.  Hg 

Thyone==« 

(lightly  anesthetized) 

radial  duct 

2.2-4.0 

tentacular  duct 

7.3-18.3 

(at  rest) 

body  cavity 

0-1.8 

(active) 

body  cavity 

up  to  27.1 

Sipunculoidea 

Phascolosoma-"" 

body  cavity 

(at  rest) 

2.2-2.9 

(active) 

14.7 
max.  79.4 

Sipunculus^ 

body  cavity 

(quiet  in  water) 

1.5 

(active  in  water) 

15.8 

(burrowing  in  sar 

d) 

70.5 

of  adrenalin  causes  a  prolonged  pressor  effect  (rise  in  blood  pressure),  which 
may  last  as  long  as  1  to  21/2  hours.  ^°^'  ^'^^  However,  the  branchial  vessels 
dilate  to  adrenaUn,  as  do  mammalian  coronaries,  in  contrast  to  visceral 
vessels  which  constrict  in  response  to  adrenalin. ^i'^  Embryologically  the 
coronaries  are  derived  from  the  gill  arch  vessels.  Injection  of  acetylcholine 
inhibits  the  heart  of  skates  but  causes  a  rise  in  blood  pressure;  atropine 
antagonizes  the  cardiac  effect  but  only  slightly  reduces  the  pressor  action. ^^" 
The  pressor  action  of  acetylcholine  is  not  the  result  of  stimulation  of  sym- 
pathetics  and  adrenals,  since  direct  observations  of  skate  arteries  showed 
that  acetylcholine  caused  them  to  constrict.^  In  tetrapods  acetylcholine  con- 
stricts some  vessels  (e.g.,  the  pulmonaries),  but  causes  dilatation  of  most 
vessels;  the  dilating  effect  is  antagonized  by  atropine.  After  atropinization, 
acetylcholine  may  raise  the  blood  pressure  of  mammals  by  stimulation  of 
the  adrenals  and  of  sympathetic  ganglia.  In  fishes,  then,  the  blood  pressure 
falls  when  the  heart  is  stopped  by  the  vagus;  acetylcholine  constricts  most 
arteries  and  raises  blood  pressure  in  fish,  whereas  in  mammals  it  dilates  most 
vessels.  Adrenalin  constricts  somatic  vessels  in  both  mammals  and  fish  and 
dilates  coronaries  in  mammals  and  branchials  in  fish.  Elucidation  of  the 
details  of  the  striking  differences  in  innervation  and  drug  effects  in  fish 
and  mammals  should  aid  in  understanding  the  site  of  action  of  acetylchohne 
and  adrenalin. 

In  cyclostomes  no  innervation  to  the  heart  has  been  found,  and  destruc- 
tion of  the  spinal  cord  failed  to  alter  heart  beat  in  Petromyzon}'^-*  There 
is  probably  no  distinct  autonomic  system  in  cyclostomes. 

Invertebrates  of  large  size  and  high  activity,  and  possessing  a  closed  circu- 
latory system,  show  blood  pressures  comparable  to  pressures  in  vertebrates. 
In  large  cephalopod  molluscs  pressures  in  the  cephalic  artery  of  47.6-60 
mm.  Mg  (maximum  80  mm.  Hg)  have  been  recorded,  and  in  gill  vessels 
5.4-6.1  mm.  Hg'"''  (Fable  67).     Mechanisms  of  regulation  arc  unknown. 

Pressure  in  Open  Circulatory  Systems.  One  of  the  most  striking  differences 
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between  animals  with  open  and  animals  with  closed  circulations  is  the  low 
and  variable  blood  pressure  in  the  animals  with  open  systems.  One  oF  the 
most  active  of  the  large  animals  with  an  open  circulatory  system  is  the 
lobster;  pressure  in  its  dorsal  artery  is  5-17  (average  11.5)  cm.  H2O,  with 
a  pulse  pressure  of  10  mm.  H^O.-''  Pressure  in  the  sternal  sinus  of 
Carcinus  is  13  cm.  HoO.^'^-  In  large  specimens  of  Maja  the  arterial  pressure 
is  45-52  mm.  HjO,  whereas  pressure  in  thoracic  sinuses  is  25-34  mm.  H^O.-'*** 

Pressure  regulation  and  directions  of  blood  flow  in  open  vascular  systems 
are  poorly  understood.  In  all  animals  in  which  the  blood  circulates  in 
sinuses  the  flow  is  controlled  much  more  by  the  activity  of  somatic  muscul- 
ature than  by  heart  activity  and  vessel  size.  Some  small  crustaceans  and 
insects  lack  a  pulsating  heart.  Septa  separate  afferent  and  efferent  channels 
in  gills  (crayfish  and  lobster"^-*)  and  in  legs  (dragonfly  nymphs^"*'^). 

In  some  insects  the  heart  is  connected  to  the  dorsal  wall  by  alary  muscles, 
which  stretch  the  heart  muscle.  It  has  been  suggested  that  the  heart  has  an 
aspirator  action,  and  that  the  pressure  in  the  hemocoel  is  negative. ^^'  ^^^  A 
drop  of  fluid  on  a  cut  appendage  is  sucked  inward  in  many  insects. ^^'  ^* 
However,  in  dragonfly  nymphs  the  pressure  in  the  body  cavity  is  negative 
when  the  animals  are  anesthetized  but  not  when  they  are  active.^^'  In  a 
series  of  measurements  on  crayfish  about  10  per  cent  of  the  animals  were 
very  lethargic,  and,  in  these,  negative  pressures  were  recorded  at  the  heart 
as  well  as  in  leg  sinuses.^^^  Pressure  may  be  negative  in  extreme  relaxation 
but  mav  increase  by  many  times  on  motor  activity.  In  dragonfly  nymphs 
the  pressure  in  the  abdomen  rises  and  falls  with  movements  as  in  breath- 
jj^g  17:^,  i:s7  jj^  fj-^g  crayfish  the  pressure  in  the  hemocoel  at  the  distal  end  of 
a  leg  is  often  higher  than  at  the  proximal  end,  and  the  pressure  in  the 
cheliped  (average  proximal,  8-6  cm.  H2O;  distal,  10-8  cm.  H2O)  may  be 
higher  than  in  walking  legs.^*^^  Simultaneous  measurements  in  several 
regions  showed  that  the  pressure  increases  with  activity  are  not  the  same 
throughout  the  hemocoel.  Pressure  in  the  heart  exceeds  pressure  in  the 
legs  except  in  activity.  When  pressure  in  an  appendage  rises  because  of 
muscular  activity  there  may  be  backflow  of  blood  or  blood  may  be  confined 
by  valves  at  the  joints  of  appendages.  In  Maja  thoracic  sinus  pressure 
increases  with  leg  activity. ^^  In  fresh-water  mussels  the  pressure  in  the 
heart  and  pericardial  sinus  is  low  (Table  67),  but  when  the  body  contracts 
during  ejection  of  water  through  the  excurrent  siphon,  the  pressure  in  the 
sinus  and  heart  doubles. ^•'^ 

In  animals  with  an  open  circulatory  system  the  blood  flow  in  an  organ  is 
more  directly  a  part  of  "voluntary"  activity  and  pressure  changes  are  many 
times  greater  than  in  animals  with  closed  vessels.  In  molluscs  and  crusta- 
ceans the  blood  volume  is  probably  comparable  to  the  volume  of  total  extra- 
cellular fluid  of  a  vertebrate,  yet  the  blood  pressure  of  a  20  gram  crayfish 
is  only  about  30  per  cent  of  that  of  a  20  gram  mouse.  The  velocity  of  circu- 
latory flow  in  the  crayfish  is,  therefore,  very  low;  the  sluggishness  of  blood 
flow  may  be  a  limiting  factor  in  the  size  of  animals  with  an  open  circulation. 

In  many  tubular  animals  the  pressure  in  fluids  of  the  body  cavities  is 
dependent  on  tone  of  the  body  wall  (holothurians,  annelids— Table  67).  In 
such  animals  hydraulic  mechanisms  are  important  in  other  respects  than  the 
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circulation  of  essential  fluids.  Burrowing  worms,  particularly  sipunculoids 
and  some  annelids,  depend  on  proper  changes  in  the  coelomic  fluid  pressure 
and  turgidity  of  the  body.  In  Arenicola,  for  example,*^  pressure  in  the 
anterior  body  cavity  when  the  animal  was  at  rest  averaged  12.2  cm.  H2O, 
when  active,  36  cm.  H2O,  and  when  burrowing,  27  cm.  HoO;  removal  of 
some  coelomic  fluid  delayed  burrowing.  In  Glycera  220  pressure  in  the 
coelomic  cavity  of  the  animal  at  rest  was  0.5-2  cm.  H2O  and  on  activity  it 
was  8  cm.  H2O,  whereas  in  Neanthes  the  pressure  rose  from  1-2  cm.,  resting, 
to  15  cm.  H2O  on  activity.  In  Neanthes,  the  pressure  in  the  dorsal  vessel 
tends  to  be  higher  than  it  is  in  the  coelom,  and  it  tends  to  increase  more 
with  activity. 

In  sipunculoids  high  turgidity  is  essential  for  burrowing;  eversion  of  the 
proboscis  is  accompanied  by  elevated  internal  pressure,  but  the  retractor 
muscles  can  withdraw  the  proboscis  against  a  high  pressure.  In  the  body 
cavity  of  large  specimens  of  Sipunculus,  pressures  as  high  as  600  cm.  H2O 
have  been  recorded,  and  in  small  Phascolosoma  pressures  ranged  from  2.8 
cm.  of  body  fluid  in  the  relaxed  state  to  108  cm.  when  contracted.--"  Sipun- 
culus is  unable  to  burrow  if  the  posterior  part  of  the  body  wall  is  paralyzed 
by  deganglionation,  but  if  a  ligature  is  then  placed  ahead  of  the  paralyzed 
posterior  half,  the  anterior  portion  can  disappear  rapidly  into  the  sand.^^^  The 
magnitude  and  speed  of  change  of  pressure  are  probably  greater  in  sipun- 
culoids than  in  any  other  animal  group. 

Hydraulic  mechanisms  are  also  important  among  echinoderms.  In  holo- 
thurians,  for  example,  there  are  several  fluid  compartments,  the  water-vascular 
or  ambulacral  system,  the  sinus  or  pseudo-hemal  system,  the  lacunar  or  blood 
system,  the  coelomic  cavity,  and  the  respiratory  trees.  Cilia  maintain  some 
fluid  flow  in  the  smaller  passages;  the  filling  and  emptying  of  the  respiratory 
trees  has  little  effect  on  pressure  in  the  coelomic  fluid.  The  anterior  ambu- 
lacral system  consists  of  two  portions  separated  by  a  valve:  the  tentacular 
ducts,  which  feed  fluid  into  the  tentacles;  and  the  Polian  complex  of  radial 
ducts,  ambulacral  ring,  and  Polian  vesicles,  which  is  a  fluid  reservoir  for  the 
tentacular  system.  Pressure  can  vary  independently  in  these  two  portions 
of  the  system:  in  Thyone  pressure  is  normally  higher  in  the  tentacular  duct 
(10-25  cm.  H2O)  than  in  the  Polian  complex  (3-5.5  cm.  H2O  in  radial 
duct).^^"  In  the  body  cavity  of  a  relaxed  Thyone  pressure  is  low  (0-2.5 
cm.  H2O),  but  on  muscular  activity  pressure  may  rise  to  as  much  as  37  cm. 
H2O,  and  ch^ges  occur  independently  in  the  Polian  vesicle  and  body 
cavity. ^^" 

PHYSIOLOGY  OF  HEARTS 

Types  of  Hearts.  Any  system  for  circulating  a  mass  of  fluid  requires  a 
repeating  pump.  To  assure  that  fluid  goes  in  a  constant  direction  the  pump 
either  must  be  equipped  with  suitable  valves  to  prevent  backward  flow  or 
must  compress  its  contained  fluid  in  a  continuous  progressing  wave.  Some 
hearts  employ  one  of  these  propulsion  mechanisms,  some  use  both.  Morpho- 
logically hearts  may  be  classified  as  (1)  chambered  heart,  (2)  tubular  heart, 
(3)  pulsating  vessels,  or  (4)  ampullar  accessory  heart.'*'* 

Chambered  Hearts.  Chambered  hearts  occur  mostly  among  vertebrates 
and  in  some  molluscs.   Vertebrate  hearts  are  equipped  with  valves  and  sue- 
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cessive  chambers.  The  sequence  of  contraction  is  essentially  similar  in  both 
the  two-sided  (4-  or  3-chambered)  and  one-sided  (2-chambered)  hearts. 
During  ventricular  contraction,  while  the  aortal  (semilunar)  valves  are  open, 
the  aorta  fills  and  the  heart  empties;  ventricular  systole  (contraction)  stops 
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Fig.  197.  Correlated  events  of  the  cardiac  cycle.  Venous  pulse,  ele^)cardiogram,  and 
heart  sounds  in  man;  aortic  pressure,  auricular  pressure,  ventricular  pressure,  and  ven- 
tricular volume  adapted  from  the  dog.  1,  Closure  of  the  AV  valves  and  beginning  of 
ventricular  contraction;  2,  opening  of  aortic  valves;  2-3,  maximal  ejection  phase;  3-4, 
reduced  ejection  phase;  4-5,  protodiastolic  phase  with  closure  of  aortic  valves  at  5;  5-6, 
isometric  relaxation,  opening  of  A-V  valves  at  6;  6-7,  rapid  filling;  7  to  auricular  systole 
is  phase  of  diastasis.  Time  marks  at  0.1  sec.  on  venous  pulse  curve  apply  to  lower  three 
curves.  From  Fulton."^ 

when  ventricular  pressure  falls  below  that  of  the  aorta,  then  the  aortal  valves 
close  (Fig.  197).  During  ventricular  contraction  the  auricular  pressure  is 
below  that  in  the  ventricle  and  the  auriculoventricular  valves  remain  closed; 
as  the  auricles  fill  their  pressure  gradually  rises  while  the  ventricular  pres- 
sure is  falling,  the  auriculoventricular  valves  then  open,  blood  enters  the 
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ventricle,  and  the  auricle  contracts  until  the  high  pressure  in  the  ventricle 
closes  the  auriculoventricular  (AV)  valves  (Fig.  197).  In  man  the  ventricles 
first  contract  with  the  AV  valves  closed  (isometric  contraction)  for  0.05  sec, 
then  during  ejection  of  blood  for  0.22  sec;  ventricular  relaxation  lasts  0.53 
sec,  the  auricles  contract  for  0.11  sec.  and  are  in  diastole  0.69  sec^^  Thus 
the  entire  sequence  in  the  vertebrate  heart  consists  of  successive  contractions 
of  auricles  and  ventricles  and  the  closure  of  a  valve  whenever  the  pressure 
on  the  outgoing  side  exceeds  the  pressure  on  the  incoming  side.  In  the  frog 
isometric  systole  lasts  0.06-0.13  sec,  and  apparently  some  blood  remains  in 
the  ventricle  after  each  ejection. ^'^^ 

In  the  amphibian  three-chambered  heart  oxygenated  and  non-oxygenated 
blood  are  not  separated  in  the  ventricle  but  the  blood  returns  twice  to  the 
heart  for  each  cycle.  In  fishes  with  a  single  auricle  and  ventricle  blood  passes 
through  the  gill  vessels  before  entering  the  aorta.  A  two-channel  heart  not 
only  separates  oxygenated  from  oxygen-depleted  blood  but  also  permits 
higher  pressures  in  systemic  arteries  than  are  possible  after  the  blood  has 
passed  through  gill  capillaries.  The  establishment  of  a  low  pressure  respira- 
tory blood  shunt  and  consequent  high  systemic  pressure  aided  reptiles  and 
homoiotherms  to  withstand  the  rigors  of  terrestrial  life. 

The  chambered  hearts  of  the  molluscs  consist  of  either  one  or  two  auricles 
and  one  ventricle.  The  auricles  are  usually  receiving  chambers  with  little  mus- 
culature, whereas  the  ventricle  is  a  strong  contractile  organ.  The  systemic 


Fig.  198.  Diagram  of  dorsal  view  of  ventricle  of  the  heart  of  Limulus  polyphemus, 
aa,  anterior  aortae;  la,  lateral  aortae;  os,  ostia;  mnc,  median  nerve  cord  (pacemaker 
ganglion);  In,  lateral  nerves.   From  ^jfcrlson.^ 

heart  of  the  cephalopod  molluscs  is  particularly  well  developed;  blood  re- 
turns from  the  body  by  veins  to  the  branchial  hearts  at  the  base  of  the  gills 
and  passes  from  the  gills  in  veins  to  the  auricles  of  the  systemic  heart.  This 
arrangement  QL"booster"  hearts  proximal  to  the  gills  is  more  efficient  than 
is  the  plan  ir^nshes,  in  which  the  heart  has  to  overcome  the  resistance  of 
vessels  in  both  gills  and  body  tissues.  The  muscle  of  molluscan  hearts,  par- 
ticularly of  cephalopods  and  gastropods,  is  striated.*^*' 

Tubular  Hearts.  The  systemic  hearts  of  most  arthropods  consist  of  con- 
tractile tubes.  There  may  be  a  thin  receiving  chamber  (atrium)  surrounding 
part  of  the  heart,  as  in  Limulus,  or  the  heart  may  be  free  in  a  large  sinus. 
It  is  usually  anchored  at  several  corners  and  receives  blood  through  several 
paired  ostia  which  are  valved  (Fig.  198).  In  many  insects  the  heart  is  sus- 
pended by  variously  arranged  alary  muscles  which  maintain  tension  on  the 
heart  (see  Wigglesworth,^*^^  for  series  of  types).  Blood  leaves  the  heart  by 
one  or  several  arteries,  always  at  the  anterior  end,  sometimes  also  laterally 
and  posteriorly.    Myographic  records  indicate  that  the  entire  tubular  heart 
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of  Limidus  contracts  nearly  simultaneously."-   A  wave  of  contraction  occurs 
in  some  insect  tubular  hearts. 

Pulsating  vessels.  Blood  vessels  which  contract  with  peristaltic  waves  are 
widely  distributed.  In  annelids  many  blood  vessels  show  rhythmic  peristaltic 
waves.  In  the  earthworm  the  contraction  waves  in  the  dorsal  vessel  pass  from 
the  posterior  to  the  anterior  end  at  a  speed  of  about  20  millimeters  per  second 
and  waves  are  repeated  at  the  rate  of  about  15-20  per  minute."*-^  The  lateral 
vessels  of  the  earthworm,  usually  referred  to  as  the  hearts,  contract  at  rates 
differing  from  that  of  the  dorsal  vessel  and  each  heart  beats  at  its  own  rate, 
although  the  two  hearts  of  a  segment  tend  to  contract  together.  In  the  leech, 
instead  of  a  dorsal  vessel,  there  are  two  lateral  vessels  which  contract  alter- 
nately. In  Nereis  the  dorsal  vessel  contracts  rhythmically  at  a  somewhat 
slower  rate  than  that  in  the  earthworm.  The  circulation  in  Arenicola  has 
been  extensively  studied. '^'*'  '*•  ^'**^  The  blood  flows  forward  in  the  dorsal  ves- 
sel, passing  on  each  side  by  the  gastric  plexus  to  the  lateral  gastric  vessel, 
and  thence  to  the  lateral  heart,  which  pumps  to  the  ventral  vessel.  The  area 
connecting  the  lateral  gastric  vessel  to  the  heart  beats  before  the  heart,  and 
sometimes  beats  several  times  during  a  single  contraction  of  the  heart.  The 
dorsal  vessel,  and  the  lateral,  esophageal,  and  some  nephridial  vessels  are 
contractile;  the  ventral  vessel  and  posterior  gastric  vessels  are  not.  In  general, 
the  contractions  of  the  annelid  pulsating  vessels  are  not  as  regular  as  the 
beats  of  chambered  hearts. 

The  distinction  between  tubular  hearts  and  contractile  vessels  breaks 
down  for  some  insects,  particularly  dipteran  larvae.  In  Amphioxus  many  ves- 
sels are  contractile  and  the  wave  of  contraction  spreads  slowly;  the  heart  is 
little  more  than  "sinus  venosus"  and  "conus  arteriosus."^^*' 

Ampidlar  Hearts.  In  several  animal  groups  there  are  accessory  organs  for 
propelling  blood  through  peripheral  channels.  The  branchial  hearts  of  the 
cephalopods  consist  of  a  spongy  tissue  of  faintly  striated  endothelial  cells 
surrounding  many  small  vessels.^^^  These  hearts  are- interposed  between  the 
systemic  veins  and  the  gill  arteries. 

Among  insects  accessory  hearts  are  very  common,  particularly  at  the  base 
of  antennae,  at  the  attachment  of  wings,  and  in  legs.^-^^  Insect  accessory 
hearts  consist  of  muscle  fibers  arranged  in  various  patterns  and  serve  to  keep 
the  hemolymph  moving  in  the  open  circulation. 

Fishes,  amphibians,  and  reptiles  have  lymph  hearts  which  are  contractile 
enlargements  of  lymph  vessels  and  which  tend  to  force  lymph  into  the  veins. 
Lymph  enters  veins  at  many  points  and  not  through  thoracic  ducts  as  in  mam- 
mals and  birds.  The  lymph  hearts  are  composed  of  striated,  non-anastomo- 
sing fibers  and  may  have  valves  which  prevent  a  backflow  of  lymph.  In  some 
amphibians  destruction  of  all  the  lymph  hearts  is  fatal,  probably  because 
of  accumulation  of  lymph  in  tissue  spaces. ^''^ 

The  myxinoid  cyclostomes  have  several  vein  hearts  which  are  valved  but 
not  contractile;  a  lateral  cartilage  can  be  pushed  against  the  vein  by  muscles 
controlled  by  the  spinal  cord."'' 

Pacemakers,  Cardiac  rhythms,  unlike  respiratory  rhythms,  usually  origi- 
nate within  the  active  organ  itself  rather  than  in  extrinsic  nerve  centers. 
The  nature  and  location  of  the  pacemaker  tissues  differ  in  various  groups 
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of  animals.  The  cellular  basis  for  rhythmic  activity  may  be  essentially  simi- 
lar in  all  those  tissues  where  a  continuous  energy  source  (e.g.,  oxidation) 
results  in  repetitive  activity— a  relaxation  oscillator. 

Myogenic  Hearts.  In  the  vertebrate  heart  the  beat  is  myogenic;  it  originates 
in  muscular  tissue.  In  an  adult  frog  or  fish  the  beat  can  be  seen  to  start  in 
the  sinus  venosus,  and  in  an  adult  bird  or  mammal  it  can  be  seen  to  start 
in  the  sino-auricular  node  and  spread  to  auricle  and  ventricle.  In  tissue  cul- 
tures of  embryonic  heart  muscles  the  fibers  may  develop  rhythmic  contrac- 
tions, and  in  a  developing  chick  embryo  contractions  occur  in  the  myocar- 
dium of  the  bulboventricle  after  only  29  hours  of  incubation.^'*  With  devel- 
opment, the  anterior  regions  of  the  heart  gradually  take  over  control  of  the 
rhythm.  If  the  sinus  venosus  is  removed  from  an  adult  amphibian  heart  the 
normal  rhythm  stops,  but  other  regions  may  take  over  initiation  of  regular 
but  slower  contractions.  Similarly  in  mammals  destruction  of  the  sino-auric- 
ular (S-A)  node  causes  the  heart  to  stop,  at  least  until  some  other  region 
initiates  slow  contractions.  Local  cooling  or  warming  is  most  effective  in 
altering  rate  when  applied  in  the  sino-auricular  region;  electrical  stimulation 
elicits  normal  electrocardiograms  only  when  applied  at  the  S-A  node,  and 
the  first  trace  of  the  action  potential  in  the  heart  appears  in  this  region.  By 
warming  regions  of  fish  hearts,  Skramlik^^^  found  three  pacemakers— the 
sinus,  the  auricular  floor  (canal  between  sinus  and  ventricle),  and  the  auric- 
uloventricular  junction,  and  three  groups  of  fishes  were  described  according 
to  the  distribution  of  these  centers.  Vertebrate  heart  muscle,  then,  is  ap- 
parently capable  of  spontaneous  rhythmicity,  but  the  muscle  of  the  sinus 
region  differs  from  other  regions  in  rapid  recovery  of  excitability,  and  this 
becomes  the  pacemaker. 

The  wave  of  excitation  which  originates  in  the  sinus  is  conducted  over 
the  atrial  myocardium  and  then  spreads  in  the  specialized  Purkinje  tisssue 
through  the  ventricle.  The  rapidly  conducting  Purkinje  tissue  appears  to 
be  an  adaptation  to  high  body  temperature,  since  it  is  present  only  in  birds 
and  mammals;  in  other  vertebrates  ventricular  conduction  is  in  the  myo- 
cardium. The  vertebrate  heart  contains  nerve  cells,  particularly  in  the  region 
of  the  pacemaker,  but  these  are  secondary  neurones  of  the  vagus  system. 

Certain  drugs  act  upon  pacemaker  mechanisms  and  are  useful  in  distin- 
guishing between  neurogenic  and  myogenic  hearty  (Table  68).  The  drug 
acetylcholine  inhibits  the  adult  vertebrate  heart  with  respect  to  both  ampli- 
tude and  rate.  Embryonic  vertebrate  hearts  prior  to  vagal  innervation  are 
either  insensitive  to  ACh,  as  in  Fundtdus/'  or  inhibited  only  by  very  high 
concentrations,  as  in  the  chick. ^""  Apparently  innervation  sensitizes  the  heart 
to  the  drug. 

MoUuscan  hearts  also  are  myogenic.  Nerve  cells  occur  on  or  near  the 
heart  in  cephalopods,  but  these  are  secondary  neurones  of  regulating 
nerves."''  In  certain  gastropods  nerve  cells  have  been  described  by  some 
observers  and  denied  by  others.^-''^  Several  histologists  failed  to  find  any 
nerve  cells  in  the  hearts  of  clams  and  mussels.  The  beat  can  originate  at 
any  point  over  the  heart.-'  A  contraction  may  be  local  or  may  be  complete. 

The  action  of  drugs  also  supports  the  hypothesis  that  the  origin  of  the 
beat  in  molluscan  hearts  is  mvogenic.    Acetvlcholine  inhibits  the  hearts  of 
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molluscs  (Gastropdoa,  Pelecypoda,  Cephalopoda)  (Table  68).  Molluscan 
hearts  are  very  sensitive  to  acetylcholine,  and  inhibition  of  the  heart  of  Venus 
has  been  obtained  with  concentrations  as  low  as  10~^^  ^^^-  ^'*'' 

In  general,  the  hearts  of  molluscs  are  very  sensitive  to  pressure;  it  has  been 
claimed  that  some  fail  to  beat  unless  they  are  distended."*^-  '^^  It  has  also 
been  stated  that  small  beats  may  occur  in  a  collapsed  heart.  Certainly,  when 
the  internal  pressure  increases,  the  beats  are  stronger  and  more  frequent. 
In  Octopus  vulgaris  Fredericq"'^  recorded  no  beats  at  pressures  below  2 
cm.  H2O,  and  the  frequency  was  higher  at  an  internal  pressure  of  85  mm. 
H2O  (59/min.)  than  at  a  pressure  of  45  mm.  H2O  (52/min.).  Also  in  some 
clams  the  heart  rate  is  accelerated  while  water  is  being  pumped  through  the 
mantle  cavities. ^^^  The  vertebrate  heart  also  adapts  to  a  given  load  so  that 
as  the  blood  volume  in  the  heart  is  increased  the  strength  of  the  beat  increases 
(Starling's  law). 

Neurogenic  Hearts.  The  hearts  of  most  crustaceans  and  of  Limulus  have 
nerve  ganglion  cells  on  the  dorsal  surface  which  originate  the  excitation 
wave  for  the  heart  beat.  In  crabs  and  crayfish  the  number  of  these  large 
ganglion  cells  is  fixed. ■^-  -"^  The  hearts  of  higher  crustaceans  are  accelerated 
by  acetylcholine,  an  effect  opposite  to  that  in  vertebrates  and  molluscs 
(Table  68;  Fig.  198).  Stimulation  of  the  pacemaker  ganglion  of  the  crus- 
tacean heart  by  acetylcholine  is  analogous  to  stimulation  of  sympathetic 
ganglion  cells  by  acetylcholine  in  vertebrates.  In  Artemia  and  Eubranchipus 
acetylcholine  is  without  any  effect,  even  in  high  concentrations;  these  hearts 
appear  to  be  myogenic  and  non-innervated.^''^ 

The  role  of  the  dorsal  gangHon  is  best  shown  in  Limulus.  The  Limidiis 
heart  has  eight  pairs  of  ostia  which  serve  to  divide  it  into  eight  segments 
(Fig.  198);  in  the  anterior  half  are  five  pairs  of  arteries  plus  one  antero- 
median artery. -^"^  Lateral  trunks  of  nerve  fibers  run  along  each  side  and  are 
connected  by  thin  nerve  bundles  to  the  median  ganglionic  trunk.  This  gan- 
glion contains  scattered  small  multipolar  nerve  cells  and  large  unipolar 
nerve  cells,  the  latter  located  mostly  in  segments  4  and  5.  Local  elevation 
of  temperature,  as  by  applying  a  warm  test  tube  or  local  electrical  stimula- 
tion, alters  the  heart  rate  most  when  applied  to  the  fourth  and  fifth  segments 
of  the  ganglion.  Normal  heart  activity  begins  first  in  the  muscle  adjacent 
to  the  ganglion  in  the  fourth  and  fifth  segments.  If  the  dorsal  ganglion  is 
removed,  the  heart  stops  beating.  If  the  heart  is  then  placed  in  NaCl  solu- 
tion, -^^^  ■^■'  or  if  tension  is  applied  as  by  inflating  the  heart,  there  may  be 
some  contractions;  these  contractions  of  the  deganglionated  heart  are  slow, 
and  may  be  local  or  peristaltic,  hence  they  are  not  normal  beats.  In  Lirmdus 
embryos  a  heart  beat  (peristaltic)  begins  at  22  days,  but  no  nerves  are  pres- 
ent until  the  28th  day.^*"  Drugs  afl^ect  the  heart  difi^erently  before  and  after 
innervation;^^^  although  the  adult  heart  is  accelerated  by  acetylcholine,  the 
beat  of  the  embryonic  heart  prior  to  innervation  is  unaffected.  Evidence 
from  action  potentials,  to  be  presented  below,  agrees  with  the  above  data, 
that  the  large  ganglion  cells  of  the  mid-segments  originate  the  excitation 
wave  and  relay  it  by  way  of  the  smaller  neurones  out  to  the  muscle.  Con- 
duction of  excitation  is  by  the  median  and  lateral  nerves.  When  the  median 
nerve  cord  is  cut  away,  bit  by  bit,  the  amplitude  of  the  contractions  dimin- 
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ishes,  and  when  all  of  the  longitudinal  nerves  are  transected  coordination 
between  the  anterior  and  posterior  ends  ceases. 

The  hearts  of  some  insects  are  neurogenic.  Two  chains  of  nerve  cells 
occur  on  the  heart  of  the  cockroach,^'  ^^^  and  these  probably  are  pace- 
makers.'^* In  Aeschna,  cells  from  the  cardiac  ganglion  appear  to  have  mi- 
grated to  part  of  the  stomatogastric  system.-'**  Maloeuf'-^-*  failed  to  find  nerve 
cells  in  preparations  of  hearts  of  larval  Anax  and  adult  Belostovta,  which 
beat  normally  so  long  as  dorsal  suspensory  ligaments  connected  the  heart  to 
the  body  cuticle.  Similarly  in  Agrion  and  Hydrophilus  cutting  of  the  alary 
muscles  stops  the  heart,  and  nerve  cells  are  said  to  be  absent  from  the  heart 
of  Bomhyx  (Kuvana,  in  Maloeuf'^*).  The  innervation  of  insect  hearts  is 
summarized  by  Mclndoo;'^^  nerve  cells  are  found  in  the  hearts  of  several 
adults  and  nymphs  (bee,  cockroach  and  others)  but  are  absent  from  hearts 
of  larvae  (army  worm).  Pharmacologically  the  hearts  of  the  cockroach 
Blatta,  the  grasshopper  Melanoflus,  the  cricket  Stenopehnatus,  and  the  hon- 
eybee behave  like  the  hearts  of  Crustacea  and  of  Limulus,  in  that  they  are 
accelerated  by  acetylcholine. '•^'^'  ^*  The  hearts  of  larval  wax  moths  Galleria 
are  not  afifected  in  rate  or  form  of  electrocardiogarm  by  acetylcholine.'*'  It 
is  probable  that  insect  hearts  are  unusually  sensitive  to  tension  and  may  not 
beat  unless  extended;  it  is  also  probable  that  most  adult  insect  hearts  are 
neurogenic,  although  the  pacemaker  cells  may  have  migrated  outside,  and 
that  some  larval  hearts  may  be  myogenic.  The  hearts  of  spiders  are  appar- 
ently neurogenic.'*^** 

Among  the  annelids  nerve  cells  have  been  described  in  the  hearts  of  Areni- 
cola^^'  and  Lumhrictis;'^^^'  these  hearts  contract  by  a  layer  of  smooth  muscle. 
Nerve  cells  were  not  seen  in  Nereis  (Neanthes),  in  which  the  contractions 
are  due  to  endothelium  and  Rouget-like  cells.'^*^-  *^^  The  beats  of  Arenicola 
and  Lumhricus  hearts  are  accelerated  by  acetylcholine'^*^  (Fig-  210);  it  is  prob- 
able that  they  are  neurogenic.  Distention  by  blood  is  important  in  the  es- 
tablishment of  contractions.'" 

In  the  hearts  of  ascidians  nerve  cells  have  been  seen  in  Ciona^  and  Mol- 
gula,^^  but  not  in  Salpa.''-^^'  ^^^  The  beat  normally  originates  at  the  ends  of 
the  heart,  although  Hunter^^  found  that  middle  pieces  in  Molgida  nianhat- 
tensis  contracted  for  some  time  after  isolation.  In  Ascidia  atra^^'  ***'  and  Pero- 
phora  viridis^^^  the  beat  is  for  a  time  in  one  direction  (abvisceral)  and  then 
for  a  number  of  beats  in  the  opposite  direction  (advisceral).  Normally  the 
two  ends  are  pacemaker  regions. '^*^  Acetylcholine  accelerates  in  Peropho- 
^Q  199,  157  although  it  is  relatively  ineffective  in  Ciona.  A  rise  in  tempera- 
ture accelerates  the  heart  by  the  same  amount,  irrespective  of  the  end  at 
which  the  beat  originates.-*''^  The  incomplete  evidence  available  indicates 
that  the  hearts  of  ascidians,  at  least  of  Molgula  and  Perophora,  are  neuro- 
genic. 

Lymph  hearts  of  Amphibia  (frogs  and  toads)  and  fish  (eel)  are  normally 
under  control  of  the  spinal  cord.  The  pacemaker  characteristics  in  frogs  and 
toads  have  been  well  summarized.'^'^'^'  ^^^  When  the  connections  of  the  anu- 
ran  lymph  heart  to  the  spinal  cord  are  transected  the  heart  usually  stops  for 
a  few  minutes,  and  then  beats  spasmodically,  the  beat  later  becoming  co- 
ordinate and  rhythmic.  Anterior  and  posterior  homolateral  hearts  are  normally 
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synchronized.  Lymph  hearts  transplanted  to  the  superficial  lymph  sac  of  the 
tongue  beat  strongly  although  spasmodically.  Posterior  lymph  hearts  (Bufo) 
have  several  separate  chambers,  and  when  they  are  transplanted  the  beat 
of  these  chambers  may  not  remain  coordinated.^^^*  Histological  examination 
failed  to  reveal  nerve  cells  anywhere  among  the  branched  striated  muscle 
fibers.  In  intact  animals  acetylchoHne  (10"^— IQ-^)  may  cause  reflex  in- 
hibition, but  transplanted  denervated  lymph  hearts  are  accelerated  by  acetyl- 
choline (10-'^— 10-^).  This  is  an  exception  to  the  rule  of  inhibition  and 
myogenicity,  but  lymph  hearts  are  more  closely  related  pharmacologically  to 
skeletal  muscle  than  to  systemic  hearts.^^-^  Normally  the  lymph  hearts  are 
controlled  by  the  spinal  cord,  but  they  can  readily  revert  to  myogenic  beats 
which  are  less  regular  and  less  coordinated  than  their  neurogenic  beats. 

From  the  preceding  evidence,  cardiac  muscle  of  all  animals  is  potentially 
capable  of  spontaneous  rhythmic  contractions.  In  embryos  of  vertebrates  and 
of  Limulus  the  heart  beats  without  a  fixed  pacemaker.  In  adults  the  pace- 
maker becomes  localized-specialized  muscle  in  the  vertebrate,  and  ganglion 
cells  in  Crustacea,  Limulus,  and  many  insects.  After  removal  of  the  pace- 
maker, heart  muscle  may  show  some  contractions,  particularly  if  the  heart 
is  distended.  Functional  distinction  between  pacemaker  nerve  cells  and  sec- 
ondary neurones  of  regulating  nerves  must  be  made  by  deganglionation. 
Embryonic  hearts  prior  to  innervation,  whether  they  are  to  be  myogenic  or 
neurogenic,  are  insensitive  or  very  slightly  sensitive  to  acetylcholine.  In- 
nervated myogenic  hearts  are  inhibited,  and  innervated  neurogenic  hearts 
are  accelerated  by  acetylcholine.  Some  adult  hearts  (Arteinia  and  Euhran- 
chifus  but  not  amphibian  lymph  hearts),  are  by  this  test  myogenic  and 
non-innervated. 

Heart  Rates,  Statements  of  absolute  heart  rates  are  of  little  value  unless 
the  conditions  are  stated  accurately.  There  are  extensive  tabulations  of  heart 
rates.^^^'  ^'^"  In  general  the  heart  rate  is  slower  in  sluggish  animals  than  in 
active  ones.  For  example,  among  rnolluscs,  heart  rates  in  clams  range  from 
0.2  to  22  per  minute,  whereas  in  squid  and  octopus  the  heart  may  beat  at  40- 
80  per  minute.""  Heart  rate  in  fast-swimming  fish  exceeds  the  rate  in  slug- 
gish ones.  The  rate  of  beat  in  some  hearts,  as  in  Helix,  increases  many  times 
as  the  internal  pressure  increases. 

Heart  rate  varies  with  size,  age,  and  state  of  development.  The  rate  of 
beat  in  a  fish  embryo  increases  as  the  embryo  nears  the  time  of  hatching. 
Body  size  in  a  given  class  has  been  stated  to  be  inversely  related  to  heart  rate, 
but  it  is  probable  that  activity  is  more  important.  In  Daphnia  the  heart  beats 
about  150  times  per  minute,  as  contrasted  with  30-60  beats  per  minute  in  a 
crayfish.  The  heart  rate  in  large  animals  such  as  elephants  and  horses  is 
25-40  per  minute,  compared  with  rates  of  300-500  in  rats  and  mice.  Many 
insect  hearts  are  fast,  particularly  when  the  animals  are  active.  In  the  imago 
of  Sphinx  the  rate  is  40-50  per  minute  when  at  rest,  110-140  when  active.^*''' 
The  heart  rate  in  birds  is  very  high,  150-180  for  domestic  fowls,  and  several 
hundred  per  minute  for  smaller  birds. 

Temperature  is  an  important  variable  in  determining  heart  rate.  The  high 
rate  in  birds  is  in  part  related  to  their  high  body  temperature.  Heart  rate, 
in  general,  increases  about  two  to  three  times  for  a   10  degree  rise  in  tem- 
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perature;  the  rate  of  increase  is  not  a  linear  but  rather  a  logarithmic  func- 
tion of  temperature,  and  temperature  characteristics  have  been  obtained  for 
the  hearts  of  many  species. ^^  There  is  no  uniformity  in  temperature  charac- 
teristics of  hearts,  but  several  insects  and  crustaceans  give  Arrhenius  /x  values 
of  12,200  calories,  whereas  several  molluscs  give  values  of  11,200.^'^^ 

Heart  rates,  then,  are  directly  related  to  rates  of  metabolism,  and  any  al- 
teration in  metabolism  is  reflected  in  an  alteration  in  heart  rate.  In  addition, 
the  ability  to  increase  or  decrease  heart  rate,  and  with  it  the  cardiac  output, 
is  necessary  for  the  efficient  functioning  of  any  cardiovascular  system. 

Electrocardiograms.  The  conduction  of  the  excitation  from  the  pace- 
maker to  and  within  the  muscle  of  the  heart  is  manifest  by  an  action  poten- 
tial wave.  Because  of  the  synchronization  of  many  discharging  units  the 
potentials  which  can  be  recorded  are  large,  even  at  some  distance  from  the 
heart.  At  the  same  time  the  geometrical  relations  in  chambered  hearts  are 
such  that  a  complex  wave  is  recorded.  The  electrocardiogram  (ECG)  is  dif- 
ferent in  hearts  with  muscular  conduction  from  the  ECG  in  hearts  with 
nervous  conduction. 

The  electrocardiogram  is  similar  in  vertebrates  whether  ventricular  con- 
duction is  in  Purkinje  tissue  (mammals  and  birds)  or  in  muscle  (poikilo- 
therms).  Typically  the  ECG  consists  of  a  series  of  slow  waves,  upward  (nega- 
tive) deflections  called  P,  R,  and  T,  and  downward  (positive)  deflections  Q 
and  S  (Fig.   199).    The  complex  wave  form  of  the  ECG  cannot  be  inter- 
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Fig.  199.  Electrocardiograms  from  man,  leads  1,  U  and  III.   From  Katz."* 

preted  simply  as  propagation  along  a  polarized  membrane,  as  in  nerve  or 
skeletal  muscle  conduction.  Rather,  the  ECG  appears  to  represent  a  wave 
front  spreading  over  the  heart.  An  isolated  sinus  from  the  eel  may  show 
rhythmic  simple  diphasic  waves  (Fig..  200,  B).^''  In  A-V  block  or  isolated 
auricle  and  sinus  the  auricle  gives  the  P  wave,  often  followed  by  a  re- 
covery wave  sometimes  called  X.^^  There  is  no  doubt  that  the  P  wave  cor- 
responds to  conduction  in  the  auricles.  The  PQ  interval  is  delay  at  the  au- 
riculoventricular  junction,  and  the  QRS  complex  corresponds  to  conduction 
in  the  ventricles.  Early  theories  postulated  a  spread  of  excitation  in  Pur- 
kinje tissue  down  the  ventricular  septum  and  then  in  muscle  fibers  from 
endocardium  out  to  epicardium,  the  different  waves  representing  different 
times  of  arrival  in  the  various  parts  of  the  ventricles.  However,  the  com- 
plex is  similar  in  frogs  and  fish,  which  lack  a  septum.  Records  from  the  endo- 
cardium and  epicardium,  and  from  different  electrical  leads  (across  the  heart, 
on  one  side,  etc.)  under  conditions  of  local  changes  in  temperature  and  ex- 
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trasystoles  led  Hoff**^  to  the  conclusion  that  the  QRST  complex  represents 
the  algebraic  summation  of  impulses  arriving  asynchronously  at  the  different 
surfaces  of  the  heart.  The  T  wave  is  said  to  represent  repolarization  of  the 
ventricular  surface,  an  upright  T  indicating  earlier  repolarization  of  the  left 
ventricle,  an  inverted  T  earlier  repolarization  of  the  right  side  of  the  heart 
(Figs.  199,  200).^^  That  the  T  wave  represents  repolarization  is  indicated 
by  the  action  potentials  of  strips  of  heart  muscle. ^° 
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Pig.  200.  Electrocardiogram  from  an  eel.  A,  Normal  ECG.  B,  Activity  of 
isolated  sinus  venosus.   From  Bakker." 


Fig.  201.  Electrocardiogram  of  systemic  heart  of  Octopus.  From  Luisada.^^* 


The  potentials  of  eel  lymph  hearts  may  be  separated  into  two  phases,  a 
fast  and  a  slow  component.'"'  Transplanted  lymph  hearts  of  the  frog  yield 
a  simple  diphasic  wave.  '"•^ 

The  electrocardiogram  of  other  myogenic  hearts  also  consists  of  slow 
electrical  waves.  The  chambered  hearts  of  Octopus  (Fig.  201)  show  an  in- 
itial fast  deflection,  followed  by  a  prolonged  wave  of  negativity. '■*-•  '-^  In 
Aplysia  the  ECG  consists  of  slow  waves  with  irregular  deflections  superim- 
posed."^   In  Helix  the  waves  are  nearly  smoflth  and  consist  of  fast  systolic 
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and  slow  diastolic  portions  (Fig.  202)."-''  The  electrocardiogram  of  the 
oyster^^'**  and  of  fresh-water  mussels  (Fig.  203)  consists  normally  of  a  diphasic 
component  near  the  beginning  of  contraction  and  a  slow  wave  associated  with 
contraction.  The  interpretation  of  the  rapid  and  slow  components  in  the 
molluscan  electrocardiogram  is  uncertain,  but  the  fast  wave  probably  repre- 
sents spread  of  excitation.  There  is  some  variability  in  shape,  according  to 
electrode  placement. 

The  neurogenic  hearts  of  arthropods  show  very  different  electrocardio- 
grams; there  may  be  fast  and  slow  deflections  like  those  of  the  myogenic 
hearts,  but  in  addition  the  arthropod  electrocardiogram  is  typically  oscilla- 
tory. The  large  waves  have  sometimes  been  designated  by  letters,  correspond- 
ing to  the  terminology  of  the  waves  in  the  vertebrate  ECG.''-'   This  practice 


Fig.  202.   Electrocardiogram  from  Helix  pomatia.   From  Arvanitaki  and  Cardot.' 


Fig.  203.  Electrocardiogram  of  fresh-water  mussel. 
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Fig.  204.  Electrocardiogram  from  Astacus.  From  Hoffman."" 

is  misleading  and  erroneous,  inasmuch  as  the  nature  of  these  deflections, is 
very  different  in  the  two  animal  groups.  In  Figs.  204  and  205  are  shown 
some  representative  patterns  from  hearts  of  arthropods,  Astacus^'*'  ■'-  and 
grasshopper.^"  Simliar  oscillatory  waves  were  recorded  from  hearts  of  larvae 
of  Galleria^^'^  and  Dytiscus.^^  The  pattern  of  the  ECG  in  arthropods  varies 
greatly  according  to  electrode  position,  temperature,  and  other  factors.  In 
the  grasshopper  Melanoplus,  for  example,  treatment  with  cold  saline  tends 
to  suppress  the  oscillations  and  to  emphasize  the  large  fast  and  slow  waves 
(Fig.  205).-*'' 

It  is  probable  that  the  large  deflections  of  the  arthropod  ECG  represent 
muscular  activity  in  which  repolarization  is  slow.  Such  complex  action  po- 
tentials are  frequently  recorded  from  sheets  of  short  muscle  fibers,  as  in  ver- 
tebrate smooth  muscle  (Ch.  16,  p.  591)-   The  oscillations  in  arthropod  elec- 
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trocardiograms  probably  correspond  to  discharge  from  the  pacemaker  gan- 
ghon  cells.  The  presence  or  absence  of  an  oscillatory  ECG  under  "normal" 
conditions  may  be  an  indication  of  whether  a  heart  is  neurogenic  or  myo- 
genic. The  electrocardiogram  of  the  polychaete  Arenicola  also  shows  oscilla- 
tory waves  in  addition  to  slow  potentials.^^** 

In  Limulus  the  electrogram  of  the  pacemaker  ganglion  separated  from 
the  heart  shows  bursts  of  impulses  corresponding  to  each  heart  beat.^*^-  ^'^' 
i5«  Each  burst  of  impulses  corresponds  to  a  heart  beat,  and  a  single  neurone 
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Fig.  205.  Electrocardiogram  from  grasshopper:  A,  at  room  temperature;  B,  after  treatment 
with  cold  saline;  C  and  D,  recovery  from  cold  effect.    From  Crescitelli  and  Jahn.^" 


Fig.  206.  Electrogram  from  dorsal  ganglion  of  Limulus  heart.  A,  Beats  recorded  from 
fifth  and  from  sixth  segments  of  isolated  ganglion,  showing  slow  potentials  with  super- 
posed axon  spikes.  B,  Discharge  in  single  neurone  of  pacemaker  ganglion  during  one 
beat.  From  Prosser.^'* 

discharges  several  (2-15)  times  during  a  burst  lasting  approximately  a  half 
second  (Fig.  206).  Each  neurone  usually  discharges  initially  at  a  high  rate 
and  later  at  decreasing  frequency.  In  preparations  which  are  no  longer  fresh, 
or  after  treatment  with  abnormal  concentrations  of  potassium  or  calcium, 
asynchrony  appears  and  the  individual  ganglion  cells  discharge  at  random. 
Records  from  the  midsegments  where  the  large  unipolar  pacemaker  cells 
are  located  show  slow  waves  lasting  more  than  0.1  second,  with  axon  spikes 
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superimposed  (Fig.  206).  It  is  probable  that  the  excitatory  wave  originates 
in  these  large  cells  and  that  their  slow  potentials  electrotonically  synchronize 
the  discharge  of  the  smaller  multipolar  cells. 

Electrocardiograms  show  three  components:  (1)  "fast"  waves  associated 
with  propagation,  (2)  "slow"  waves  probably  associated  with  contraction, 
and  (3),  in  neurogenic  hearts,  oscillations  corresponding  to  the  pacemaker 
discharge. 

Nervous  Regulation  of  Hearts:  Cholinergic  and  Adrenergic  Systems. 
The  vascular  demands  for  blood  vary  with  activity  and  stress.  The  heart 
accelerates  or  decelerates  reflexly  in  efficient  vascular  systems.  The  higher 
vertebrate  brain  (medulla)  contains  a  vasomotor  center  which  receives  im- 
pulses from:  (1)  specific  vascular  receptors  by  way  of  the  carotid  sinus,  and 
depressor  and  vagus  nerves,  (2)  general  somatic  and  visceral  receptors,  and 
(3)  higher  centers  in  the  brain.  The  heart  rate  rises  in  compensation  for  a 
fall  in  blood  pressure,  and  the  heart  slows  when  the  blood  pressure  rises. 
The  vagus  nerves  slow  the  heart  and  reduce  the  amplitude  of  contraction; 
the  primary  vagus  fibers  terminate  in  ganglia  located  in  several  regions  of 
the  heart,-"-'  and  secondary  vagus  neurones  end  in  the  heart  musculature 
and  nodal  tissue.  Secondary  sympathetic  fibers  cause  cardio-acceleration. 
In  addition,  adrenalin  added  directly  to  the  heart  accelerates  it,  but  in  the 
circulation  of  the  intact  animal  reflex  control  usually  prevents  marked  accel- 
eration on  injection  of  adrenalin.  The  embryonic  heart  beats  for  some  days 
before  innervation;  during  this  early  period  reflex  regulation  of  heart  rate 
cannot  occur.' 

Activity  in  the  sympathetic  fibers  to  the  heart  is  associated  with  liberation 
of  sympathin,  an  adrenalin-like  substance.  Sympathetic  innervation  of  the 
heart  is  lacking  in  fishes,  but  vagal  fibers  are  found  in  all  classes  of  verte- 
brates, with  the  possible  exception  of  cyclostomes.-^-  ^^■*  Reflex  inhibition  of 
the  heart  of  dogfish  is  obtained  by  stimulation  of  a  variety  of  sensory  path- 
ways. Inhibitory  vagal  reflexes  can  be  elicited  in  the  elasmobranch  Scyllium 
by  afferents  in  the  vagus,  hypobranchial,  and  lateral  line  nerves.^-'^  Altera- 
tion of  water  flow  over  the  gills  affects  both  respiration  and  heart  beat  re- 
flexly. The  inter-renal  glands  of  fish  are  well  developed,  and  adrenalin  in- 
creases blood  pressure  but  has  no  eff'ect  or  is  slightly  inhibitory  on  dogfish 
hearts."^^ 

Acetylcholine  (ACh)  appears  in  perfused  hearts  during  vagal  inhibi- 
tion.^-"' ^-■^  Atropine  blocks  the  inhibiting  action  of  the  vagus,  and  the 
drug  physostigmine  (eserine)  enhances  the  effect.  Embryonic  hearts  beat 
for  some  days  before  innervation;  during  this  early  period  reflex  inhibition 
of  the  heart  does  not  occur;  the  heart  is  relatively  insensitive  to  ACh.  It 
is  probable  that  the  ACh  acts  at  the  synapses  of  the  vagus  rather  than  on  the 
heart  muscle. •"*  Whether  the  secondary  vagal  fibers  are  cholinergic  is  not 
known,  but,  by  analogy  with  postganglionic  parasympathetic  fibers  in  the  eye, 
they  may  liberate  ACh.  Perfusion  of  very  small  amounts  (10"^")  of  acetyl- 
choline may  increase  contractile  tension  of  mammalian  hearts.^'^*^ 

Reflex  regulation  of  hearts  is  of  general  occurrence  among  all  phyla  of 
animals  possessing  hearts.  The  early  literature  has  been  excellently  summar- 
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The  distribution  of  inhibitory  and  accelerator  nerves  differs  among  various 
molluscs.  In  the  pelecypods  Mya,  Anodonta;^^  and  Venus,-'  stimulation  of 
the  visceral  gangUon  results  in  cardiac  inhibition.  The  palliovisceral  con- 
nectives are  accelerators,  and  no  inhibitory  fibers  have  been  found  in  chitons, 
Aplysia,  the  prosobranchs  Haliotis  and  Natica,  the  tectobranchs  Bulla  and 
Pleurohranchea,  the  nudibranch  Archidoris,  or  in  Ariolimax:^^  The  heart 
in  Helix,  Umax,  and  the  nudibranch  Triopha  receives  both  inhibitory  and 
augmentor  nerves  from  the  pleural  ganglion.  In  Aplysia,  stimulation  of  the 
pleurovisceral  nerves  accelerates  and  raises  the  tone  of  the  heart,  an  effect 
which  is  suppressed  by  caffeine."^" 

In  cephalopods,  inhibition  of  both  the  systemic  and  branchial  hearts  by 
the  visceral  nerves  was  first  seen  by  Paul  Bert  in  1867.  In  Octopus,'^^  stimu- 
lation of  a  visceral  nerve  results  in  slowing  of  the  heart;  the  two  nerves  are 
homolateral  with  respect  to  the  auricles,  but  overlap  in  ventricular  action. 
Synchrony  between  the  two  branchial  hearts  and  between  the  auricles  is 
nervous.*'"'^'  '^^  A  single  inhibitory  nerve  volley  may  delay  one  heart  beat,  an 
effect  prevented  by  curare.  The  visceral  fibers  terminate  in  a  cardiac  gan- 
glion in  which  secondary  neurones  originate.  ^''^ 

Cephalopod  hearts  may  also  have  accelerating  fibers;"**  in  Eledone  and  Oc- 
topus the  auricles  can  be  stimulated  to  high  tonus,  whereas  the  ventricle  is 
inhibited,  and  contraction  can  be  elicited  in  a  quiescent  heart  by  stimulation 
of  a  visceral  nerve.  A  positive  inotropic  (increased  amplitude)  effect  builds 
up  during  repetitive  stimulation,^^'  ^^  and  the  threshold  is  higher  for  accel- 
erator fibers  than  for  inhibitory  ones.^^** 

Acetylcholine  inhibits  the  heart  of  all  classes  of  molluscs  (Table  68, 
Fig.  206).  Eserine  fails  to  potentiate  the  nervous  inhibition  in  cephalo- 
pods,^^^  although  it  does  prolong  inhibition  by  visceral  ganglion  stimulation 
in  Venus}^^  Atropine  is  toxic  and  does  not  antagonize  the  inhibitory  effect 
either  of  visceral  nerve  stimulation  or  of  acetylcholine.^-'  ^■^*'  Evidence  for 
a  chemical  mediator  in  Venus  was  obtained  by  inhibiting  a  test  heart  with 
fluid  from  one  inhibited  by  visceral  ganglion  stimulation. ^•^''  Perfusion  fluid 
from  the  heart  of  a  cephalopod  (Sepia,  Octopus,  Eledone)  was  passed  into 
the  heart  of  another  individual;  when  the  excitatory  fibers  of  the  visceral 
nerve  of  the  donor  were  stimulated,  the  amplitude  of  the  beat  of  the  per- 
fused isolated  heart  also  increased,  apparently  because  of  a  stimulating  medi- 
ator.'"'* Other  investigators  failed  to  confirm  this  experiment;'^"'  also  tests 
for  ACh  in  the  perfusate  from  the  hearts  of  Octopus  and  Eledone  during 
visceral  nerve  stimulation  were  negative.  Identification  of  the  substances 
liberated  by  inhibitor  and  accelerator  fibers  in  molluscan  hearts  would  add 
considerably  to  the  knowledge  of  nerve  function. 

The  hearts  of  Crustacea  and  of  Limulus  receive  from  the  central  nervous 
system  several  regulating  nerves  which  are  distributed  to  the  pacemaker 
ganglion  and  the  muscle.  Extrinsic  cardiac  innervation  has  been  de- 
scribed in  detail  by  Alexandrowicz.^'  -^  In  1896  Conant  and  Clark^**  proved 
by  cutting  and  stimulation  that  the  heart  of  Callinectes  receives  two  pairs 
of  accelerator  and  one  pair  of  inhibitor  nerves.  Cerebral  ganglion  stimula- 
tion results  in  inhibition  of  the  heart  in  crayfish,  crabs,  and  Limidus.'^'^-  *^-  ^^- 
In  Limulus,  the  inhibitory  nerves  arise  in  the  posterior  part  of  the  brain,  in 
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Crustacea  both  inhibitor  and  accelerator  nerves  arise  from  the  subesophageal 
ganglion,  the  inhibitors  always  arising  anterior  to  the  accelerators.  The  sto- 
matogastric  nerves  have  no  effect  on  the  heart. -"•'*•  i**-  In  Astacus  the  inhibi- 
tor nerve  fibers  elicit  maximal  inhibition  at  a  stimulation  frequency  of  45/sec. 
and  accelerators  are  most  effective  at  30/sec.  In  the  grasshopper,  stimulation 
of  either  brain  or  ventral  ganglia  results  in  augmentation  of  heart  beat. 

Acetylcholine  accelerates  the  neurogenic  hearts  of  arthropods,  and  the  effect 
resembles  qualitatively  stimulation  by  cardioaccelerators  (Fig.  209).  Eser- 
ine  has  been  said  to  enhance  nervous  acceleration  but  not  nervous  inhibition 
in  Astacusr^-'  and  to  have  no  effect  on  either  acceleration  or  inhibition  in  the 
crab  Cancer. "^^'-^  Atropine  antagonizes  the  effect  of  acetylcholine  but  has 
no  effect  on  nervous  control.  There  is  no  convincing  evidence  that  either 
accelerator  or  inhibitor  nerves  in  Crustacea  are  cholinergic.  In  Daphnia 
mechanical  stimulation  of  the  intestine  reflexly  inhibits  the  heart  and  recov- 
ery of  the  beat  is  hastened  by  acetylcholine,^^^"  although  under  other  condi- 
tions acetylcholine  may  decrease  the  heart  rate.^''  In  the  shrimp  Palaemonetes 
a  hormone  from  the  sinus  gland  accelerates  the  heart.^'^'"' 

The  only  record  of  extrinsic  nervous  effects  on  the  hearts  of  annelids  is  for 
Nereis  and  Arenicola;  stimulation  of  the  ventral  nerve  cord  inhibits  the 
lateral  hearts  in  diastole  and  increases  the  rate  and  strength  of  dorsal  vessel 
contractions.'**'  Earthworm  vessels  continue  to  beat  after  destruction  of  the 
ventral  nerve  cord.^*^"-  ^ 

Nervous  control  of  the  heart  of  ascidians  has  not  been  clearly  demonstrated. 
Removal  of  the  "brain"  from  Ciona  is  said  not  to  affect  the  heart,^"  although 
in  Molgula  the  beat  is  made  irregular. '*''  In  Ascidia  mentida  removal  of  the 
"brain"  results  in  faster  heart  rate  for  about  a  day.'"' 

Nervous  control  of  cardiac  activity  is  found  in  most  animals.  Only  in  em- 
bryos (vertebrate,  Limidus')  and  possibly  in  certain  lower  crustaceans,  such 
as  Artemia  and  Euhranchipiis,^^''  is  there  evidence  that  nervous  regulation  is 
absent.  In  general,  chemical  mediators  associated  with  activity  of  cardiac 
nerves  are  indicated.  Acetylcholine  inhibits  the  myogenic  hearts  of  verte- 
brates and  molluscs;  it  accelerates  the  neurogenic  hearts  of  Crustacea,  Limulus, 
and  some  insects  and  annelids.  Adrenalin  accelerates  all  hearts.  Evidence 
for  cholinergic  regulating  nerves  is  available  only  for  vertebrates  and  for 
Venus.  Possibly  undiscovered  agents  are  active  as  mediators  in  some  inverte- 
brates. 

DIRECT  RESPONSES  OF  HEART  TISSUES 

Effects  of  Drugs  on  Hearts.  The  literature  on  the  pharmacology  of  circu- 
latory systems  is  extensive  and  is  useful  for  comparative  physiology  m  so  far 
as  it  aids  in  an  understanding  of  hearts  and  peripheral  circulation.  The  in- 
hibiting and  accelerating  actions  of  ACh  are  illustrated  in  Figures  207-210; 
these  effects  have  been  discussed  in  the  sections  on  pacemakers  and  nervous 
regulation  of  hearts.  The  action  of  drugs  which  potentiate  or  antagonize 
acetylcholine  indicates  interesting  differences  in  cardiac  mechanisms. 

Physostigmine  (eserine)  and  prostigmtn^  prevent  hydrolysis  of  acetylcho- 
line by  acetylcholine  esterase;  in  the  vertebrates  they  prolong  the  inhibitmg 
effect  of  acetylcholine  and  of  vagal  stimulation.  Eserine  sensitizes  hearts  to 
ACh.    Potentiation  of  the  inhibiting  effect  of  ACh  has  been  reported  in  the 
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Fig.  207.   Effect  of  acetylcholine  (8  parts  in  10")  on  turtle  heart. 
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Fig.  208.  Effect  of  acetylcholine  in  three  concentrations  on  heart  of  Venus  mercenaria. 

From  Wait.^''" 
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Fig.  209.   Effect  of  three  concentrations  of  acetylcholine  on  the  heart  of  the  lobster. 

From  Welsh.""' 
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Fig.  210.   Effect  of  acetylcholine  (1  in  lO'j  before  and  after  eserini/ation  of  the  heart  of 
Arenicola.  From  Prosser  and  Zimmerman.""' 
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molluscs  He/fx,'"^  Venus,^^^'  and  AriolhnaxJ'^'  Potentiation  of  the  acceler- 
ating effect  of  ACh  occurs  in  the  arthropods  Astacus,  ^^~-  ■'•'  Panidirus,^^''^ 
Homarus,-^^  Limulus  cardiac  ganglion,**^  Cancer,^-^  the  insect  Stenopehna- 
tus,^'^  and  in  the  annelids  Arenicola  and  Lumhricus.^^'^  The  sensitivity  of 
hearts  to  acetylcholine  is  very  great.  A  frog's  heart  (eserinized)  is  depressed  by 
1  part  in  10^,  a  lobster's  heart  is  accelerated  by  1  part  in  10**,  and  when  eserin- 
ized by  1  part  in  10'-*;  '^^  a  Venus  heart  is  sensitive  to  ACh  1  part  in  10'",  and  at 
some  seasons  to  1  part  in  10'-  (Fig.  208). '"'*'•  ^'■"' 

Atropine  antagonizes  the  action  of  ACh  and  vagal  inhibition  in  the  ver- 
tebrate heart,  not  by  preventing  the  hberation  of  ACh  but  by  blocking  its  ac- 
tion on  the  receiving  cells.  Similarly  atropine  antagonizes  the  acceleration  of 
ACh  in  the  arthropods  Astacus,^'-^-  ^^  Melanoplus,^'^  Panulirus,-^'-^  Homa- 
rus,-^"^  and  Cancer.^^  Atropine  has  a  stimulating  effect  on  the  Limulus  heart 
and  may  not  antagonize  ACh.^'  In  molluscs,  however,  atropine  is  toxic;  its 
effects  are  variable,  and  no  antagonism  of  ACh  has  been  found  in  Aplysia,^^'' 
Osirea,^^^  Venus,^^*^  Sepia,^^^  Loligo,^^  Helix,  ^'^^  and  Ariolimax,^^  and  no 
antagonism  of  muscarine  in  Anodonta.^'^^  The  receptor  cells  in  which  acetyl- 
choline is  blocked  by  atropine  appear  to  be  nerve  cells  in  vertebrate  hearts 
(vagus  secondary  neurones)  and  in  arthropods  (pacemaker  ganglia)  whereas 
in  molluscs  the  site  of  ACh  action  is  muscular. 

Pilocarpine  depresses  the  vertebrate  heart;  it  is  also  inhibitory  to  the  hearts 
of  Anodonta^*^'^  and  Anomia.^*'''  Pilocarpine  accelerates  the  hearts  of  Cancer, 
Maja,  and  Carcinus,^-^  but  has  been  reported  as  inhibitory  in   Limulus.^^ 

In  the  vertebrate  heart  acetylcholine  resembles  the  drug  muscarine  in  its 
inhibition  of  the  heart  and  its  atropine  antagonism.  Muscarine  also  inhibits 
hearts  of  the  molluscs  Awodonta,'^'*  Mya  (after  initial  stimulation),^"  and 
Octopus.^^^  The  heart  of  Cancer  is  accelerated  by  muscarine,''-^  but  the 
Limidus  heart  has  been  reported  to  be  inhibited. ^^^ 

Nicotine  initially  slows  and  may  stop  the  vertebrate  heart,  and  later  and 
in  high  concentration  it  accelerates  and  blocks  the  va^us.  Inhibition  of  mol- 
luscan  hearts,  much  like  ACh  inhibition,  has  been  reported  for  Anodonta,^^^ 
Sepia,'^'^^  Anomia,^^^  Venus,^^*^  and  Ostrea}'^'-^ 

In  arthropod  hearts,  nicotine  initially  accelerates  in  Hoviarus,^^^  Cancer,^^ 
Astacus,^^  Periplaneta,^^^  Melanophis,^'^  and  Limidiis:^'^  After  initial  stimu- 
lation nicotine  has  a  paralyzing  effect  (Limidus,  Periplaneta,  Melanaplus'), 
which  has  been  seen  in  Limidus  to  consist  of  a  blocking  of  the  pacemaker 
ganglion.'^'''* 

In  its  action  on  hearts  of  invertebrates  acetylcholine  cannot  be  character- 
ized as  being  like  muscarine  or  nicotine. 

Adrenin  is  a  natural  cardioaccelerator  of  the  vertebrate  heart.  Adrenalin 
is  an  accelerator  of  most  other  hearts:  molluscs  Aplysia,''-  Loligo,^^  fresh- 
water mussels,^-'-'  Ostrea,^^''-  '*^*"''  ^■'"  Pecten,-''^  Anomia,^^^  and  Venus,'^^^  and 
arthropods  Limulus,^^  Astacus,^'^  Carcinus,  and  Maja,^'-^'  -"-  Panulirus,'^'^^  and 
Homarus,-'^^  and  annelids  Lumhricus  and  the  leech. ^^  Slight  species  differ- 
ences exist  in  the  effects  on  tone  and  amplitude,  but  in  general  adrenalin  ac- 
celerates hearts,  whether  they  are  myogenic  or  neurogenic.  Some  hearts  are 
unaffected  by  adrenalin  (Ciona,^^  Nereis,^^  and  Artemia^^'^ ) . 

The  effects  on  hearts  of  drugs  which  potentiate  and  antagonize  adrenin 
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(or  sympathin)  have  not  been  much  studied.  Such  substances  as  tyramine, 
sparteine,  and  various  animal  toxins  have  been  insufficiently  studied  and  may 
be  important  as  naturally  occurring  regulating  agents. 

Effects  of  Salts  on  Hearts.  Hearts  continue  to  beat  for  many  hours  outside 
the  animal  body  in  a  solution  of  properly  balanced  salts.  What  specific  anions 
are  in  the  solution  seems  to  matter  little  unless  they  are  toxic,  and  most  hearts 
beat  actively  in  a  neutral  mixture  of  the  chlorides  of  sodium,  potassium,  and 
calcium  (see  Table  15,  Chapter  3);  a  few  hearts,  particularly  those  of  some 
marine  molluscs,  require  magnesium  in  addition.  Deviations  from  the  opti- 
mum ratios  of  these  cations  have  been  used  in  analysis  of  the  pacemaker, 
and  conductile  and  contractile  processes. 

The  effects  of  any  single  element  are  multiple,  depending  on  the  condi- 
tion and  previous  history  of  the  heart.  The  effects  of  an  ion  also  vary  with 
the  concentrations  of  other  ions,  e.g.,  calcium  antagonizes  some  effects  of 
sodium,  and  potassium  antagonizes  some  sodium  action.  Ionic  ratios  such  as 
(PsJa+  -\-  K+)/Ca++  may  be  more  significant  than  absolute  concentrations 
of  each  ion.  The  effects  of  excess  or  deficiency  of  an  ion  in  vivo  may  differ 
from  the  effects  of  such  variations  in  vitro.'-*^  The  cellular  bases  of  cardiac 
action  of  ions  are  not  clear,  but  the  gross  effects  show  interesting  comparative 
differences. 

Table  69  summarizes  in  simplified  manner  some  of  the  reports  of  salt  ef- 
fects on  perfused  hearts. 

Sodium  chloride  comprises  the  bulk  of  the  solute  in  all  body  fluids  and  in 
physiological  salt  solutions.  Effects  of  a  deficit  in  Na+  can  be  ascertained 
only  by  maintaining  the  osmotic  concentration  of  a  solution  by  adding  a  non- 
electrolyte  such  as  a  sugar;  effects  of  excess  Na+  are  difficult  to  separate  from 
osmotic  effects,  and  in  pure  NaCl  solution  there  is  a  deficiency  of  K+  and 
Ca+  +  .  Table  69  shows  that  in  general  sodium  has  a  stimulating  action  on 
heart  pacemakers  and  favors  contraction  of  heart  muscle.  Ringer  found  in 
1882  that  pure  sodium  chloride  solution  will  not  maintain  the  beating  of 
the  frog  heart;  hearts  of  invertebrate  animals  also  cease  to  beat  in  sodium 
chloride  solution.  Sodium  initiates  a  fast  but  irregular  rhythm,  and  when 
sugar  is  substituted  for  sodium  the  rate  of  most  hearts  declines. 

Potassium  has  been  said  to  act  oppositely  on  vertebrate  and  invertebrate 
hearts;  the  explanation  is  that  it  may  act  predominantly  on  pacemaker,  con- 
ducting, or  contracting  mechanisms.  In  the  perfused  vertebrate  heart,  potas- 
sium has  a  striking  depressant  action  on  the  contracting  and  conducting  sys- 
tems. In  excess  potassium  the  heart  relaxes  and  stops  in  diastole.  Molluscan 
hearts  are  not  very  sensitive  to  changes  in  potassium  but  may  be  slightly  ac- 
celerated by  increase,  and  great  excesses  (6  to  7  times)  may  stop  the  heart  in 
systole;  there  is  no  such  effect  on  contraction  and  conduction  as  in  vertebrates. 
In  Pecten  K+  seems  not  essential  for  maintaining  the  heart  beat,  and  in  Helix 
an  apparent  slowing  is  really  the  result  of  dropping  alternate  beats.-"*  In  ar- 
thropods also  the  pacemaker  is  stimulated  (except  in  Camhariis');  the  beat 
may  become  fast  and  weak.  The  low-potassium  effect  in  Limuliis  is  continu- 
ous, high-frequency  discharge  of  many  neurones  in  the  pacemaker,  and  in- 
terruption of  the  normal  rhythm;  in  the  absence  of  K+  the  ganglionic  dis- 
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TABLE  69.   EFFECTS  OF  SALTS  IN  HIGH  (SUPRAOPriMAL)  AND  LOW 

(SllBOPTlMAL)  CONCENTRATIONS  ON  HEARTS  IN  RESPECT  TO 

RATE  OF  BEAT,  AMPLITUDE,  TONE,  AND  STATE 

WHEN  ARRESTED. 

+  ,  increase;  — ,  decrease  in  a  function.   High  concentrations  given  X  normal. 


Animal 


Rate         Ampl.       Tonus  Arrest        Rate       Ampl.       Tonus    Arrest 


HIGH  SODIUM 


LOW  SODIUM 


Frog'" 


Oyster" 


Pecten'^'' 

Aplysia'" 
Cambarus 


Homarus'' 
Limuius''" 


sl  + 


+ 


sl4- 
arr>'thmic 


+ 

0 

sl  + 


+ 
(diast.) 


tends  to 
systole 

tends  to 
systole 
systole 
systole 


pure  NaCl 
systole 

pure  NaCl 
svstole 


-f,  conduction 
impaired 


syst. 


diast. 


HIGH  POTASSIUM 


LOW  POTASSIUM 


Frog"  ■"•' 

+  , 
then  — 

- 

0,  sl- 

diastole 

sl- 

0,  sl- 

- 

svst., 

'ok 

"        18.1 

sl  +  ,0 

sl- 

sl- 

— 

Ostrea""" 

+ 

6  X   systole 

sl  + 

inhibits 

syst. 

relaxation 

Ostrea 

&  Murex'"" 

+ 

+ 

systole 

sl+ 

Venus'""' 

irreg. 

— 

systole 

0,  sl+ 

— 

Helix"^' 

little 
effect 

+ 

systole 

diast. 

"       ion.  a' 

irreg. 

svstole 

Anomia"" 

systole 

syst., 
OK 

Pecten"'"''  '*' 

systole 

K  not  essential 

Aplvsia"" 

+ 

4x  diast. 

sl-f         —  small,  fast  beats 

7x  syst. 

Loligo" 

+ 

+ 

Maja^"" 

+ 

+ 

+ 

systole 

Homarus'"' 

irreg. 

+ 

+ 

12x  semi- 
systole 
systole  in 
pure  KCl 

+ 

diast., 
OK 

Cambarus" 

— 

+ 

+ 

sl  + 

+ 

Palinurus"'' 

— 

diastole 

K  not  essential 

Limulus''  '■'' 

+ 

fast,  wea 

k  beat 

in  pure  1 

CCl 

systole, 

then 

relaxes 

+ 

diast. 
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TABLE  69  (continued).   EFFECTS  OF  SALTS  IN  HIGH  (SUPRAOPTIMAL)  AND 

LOW  iSUBOPTIMAL)  CONCENTRATIONS  ON  HEARTS  IN  RESPECT 

TO  RATE  OF  BEAT,  AMPLITUDE,  TONE,  AND  STATE 

WHEN  ARRESTED. 

4-,  increase;  — ,  decrease  in  a  function.   High  concentrations  given  X  normal. 


Animal 


Rate 


Ampl. 


Tonus 


Arrest 


Rate 


Ampl. 


Tonus 


Arrest 


HIGH  CALCIUM 


LOW  CALCIUM 


Frog'^'^ 

sl- 

+ 

+ 

syst. 

sl+, 
—  in 
OCa 

- 

- 

diast. 

Guinea  pig"'' 

+ 

— 

Raia"= 

diast. 

Ostrea'"^-  "" 

— 

+ 

+ 

diast. 

+ 

— 

+ 

diast., 
OCa 

Ostrea 

— 

+ 

&  Murex'"" 

Venus^-^ 

— 

then  — 

in  6x  Ca 
diast. 

+ 

sl- 

se: 

ni-syst., 
OCa 

Pecten^^-  '' 

+ 

diast., 
semi-syst. 

+ 

— 

+ 

diast. 

Helix«^'  "'' 

sl- 

— 

— 

diast. 

0 

sl  + 

svst. 

Octopus''**'  -"" 

diast. 

+ 

svst. 

Anomia"" 

favors  ' 

>ystole 

— 

diast., 
OCa 

Aplysia'" 

— 

+  , 
then  — 

diast. 

+ 

syst. 

Crayfish"-  ''' 

— 

— 

+ 

diast. 

+ 

svst., 
dCa 

Lobster, 

— 

+ 

diast. 

+ 

— 

+ 

Maja'-'-''  '■' 

Palinurus-'"' 

diast. 

+ 

syst. . 

Limulus'"-  '■■■" 

— 

diast. 

+ 

syst. 

HIGH  MAGNESIUM 


LOW  MAGNESIUM 


Raja, 

_ 

_ 

+ 

semi- 

Scyllium"" 

diast. 

Ostrea""" 

— 

diast. 

+ 

— 

inhibits 
relax. 

syst. 

"          lOfl 

Mg  essential 

Aplysia'" 

diast. 

+ 

Anomia'^" 

in  3X  Mg 
diast. 

+ 

syst. 

Pecten"-  "' 

— 

diast. 

Mg  essential 

+ 

syst. 

Octopus""" 

Mg  not  essential 

Crayfish"  '-■' 

beat  2  hours  without  Mg 

Lobster"^'  ' ' 

— 

diast. 

Mg  not  essential 

Maja'"'  "^ 

diast. 

Mg  not  essential 

Palinurus""' 

— 

diast. 

Mg  not  essential 
1                   I 
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charge  gradually  stops.    Arthropod  hearts,  with  nervous  pacemakers  and  con- 
duction systems,  are  more  sensitive  than  molluscan  hearts. 

Calcium  antagonizes  the  effect  of  potassium  and  sodium  on  the  pacemaker, 
and  slows  heart  beats.  In  the  perfused  vertebrate  heart  the  predominant  cal- 
cium action  is  a  marked  enhancement  of  contraction  resulting  in  systolic  ar- 
rest; in  the  absence  of  calcium  the  vertebrate  heart  relaxes  and  stops  in  dias- 
tole. Calcium  is  essential  for  contraction;  a  heart  stopped  in  zero  calcium 
continues  rhythmic  action  potentials.^ ^-^  In  molluscs,  however,  the  inhibiting 
effect  of  calcium  on  the  pacemaker  is  predominant,  and  in  excess  Ca+  + 
the  heart  stops  in  diastole  by  pacemaker  inhibition.  In  the  absence  of  calcium 
some  molluscan  hearts  stop  in  diastole  QPecten,  Ostrea,  Anoniia');  in  others 
CHelix,  Octopus^  the  pacemaker  stimulation  predominates,  and  in  zero  cal- 
cium the  hearts  stop  in  systole. 

In  the  arthropods  the  action  of  calcium  on  the  pacemaker  is  predominant, 
and  high  calcium  slows  the  heart  and  stops  it  in  diastole,  whereas  low  Ca+  + 
accelerates  the  heart,  and  zero  calcium  stops  it  in  systole.  In  Limulus  the 
systolic  action  of  low  calcium  results  from  an  increase  in  gross  frequency  of 
the  ganglionic  discharge,  an  increase  in  nerve  unit  frequency,  and  in 
the  number  of  active  units;  in  zero  calcium  there  is  a  tendency  to  asynchroni- 
zation.^^^  The  pacemaker-inhibiting  action  of  high  calcium  predominates 
over  the  muscle-contracting  action  in  the  arthropods  and  molluscs  (except 
PectenX  but  not  in  the  vertebrates.  The  pacemaker  stimulation  of  low  cal- 
cium predominates  over  the  muscle-relaxing  effect  in  arthropods  and  in  Helix, 
Aplysia,  and  Octopus,  but  not  in  Pecten  and  Ostrea  and  not  in  vertebrates. 
In  the  oyster  the  pacemaker  effect  of  high  calcium  predominates,  whereas 
the  muscular  effect  of  low  calcium  (or  high  potassium)  is  predominant. 

Magnesium  appears  essential  for  rhythmic  beating  of  the  hearts  of  marine 
pelecypods  and  gastropods.  Magnesium  lacks  the  muscle-contracting  effect 
of  Ca+  +  ,  but  like  calcium  in  excess  it  inhibits  the  pacemaker,  bringing  about 
diastolic  arrest.  In  molluscan  hearts  which  require  Mg+  +  the  omission  of 
this  element  results  in  acceleration  and  arrest  in  systole. 

Many  of  the  above  effects  are  referable  not  to  single  ions  but  to  ionic  ratios; 
e.g.,  some  high  potassium  effects  are  prevented  by  simultaneously  increasing 
calcium.  Although  the  cellular  nature  of  these  ionic  effects  is  unknown,  salt 
studies  are  useful  in  separating  pacemaker,  conducting,  and  contractile 
systems. 

Effects  of  Electrical  Stimulation  on  Heart  Muscle.  The  muscle  of  a  verte- 
brate heart  is  a  syncytium  of  branched  striated  libers.  Such  a  heart  (adult 
or  embryonic)  is  absolutely  refractory  to  electrical  stimulation  during  most  of 
systole;  it  can  be  excited  (is  relatively  refractory)  at  the  end  of  systole  and  in 
diastole,  but  an  extra  contraction  elicited  during  this  time  is  of  submaximal 
height.  Recovery  is  complete  by  the  end  of  diastole.  Any  extra  contraction 
is  followed  by  a  compensatory  pause  longer  than  the  normal  diastolic  pause 
(Fig.  211).  Any  contraction,  rhythmic  or  in  response  to  an  electrical  stimu- 
lus, is  maximal  for  the  state  of  the  heart,  although  a  distended  heart  is  capable 
of  enhanced  contractions  and  quiescent  strips  show  "staircase"  responses  to  re- 
peated shocks.  The  vertebrate  heart,  therefore,  contracts  in  an  all-or-none 
fashion.    When  tetanized  the  heart  shows  spasmodic  uncoordinated  contrac- 
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tions  scattered  locally  over  its  musculature,  the  condition  of  "delirium  cordis." 
Anodal  polarization  results  in  relaxation  of  the  heart. 

The  muscle  of  moUuscan  and  arthropod  hearts  is  usually  striated,  some- 
times transversely  and  sharply,  sometimes  spirally  and  vi'eakly.^'^'  In  general 
the  muscle  Bbers  of  invertebrate  hearts  are  shorter  and  less  branched  than 
those  of  vertebrate  hearts.  Molluscan  and  arthropod  hearts  differ  strikingly 
from  vertebrate  hearts  in  their  responses  to  electrical  stirnulation."''^-  "-  The 
muscle  of  these  hearts  is  excitable  at  all  phases  of  the  cycle,  but  the  threshold 
is    high    in    systole,    approaching    absolute    refractoriness    in    early    systole. 


Fig.  211.  Electrical  stimulation  at  different  times  in  the  cardiac  cycle  of  the  frog  heart. 
After  Marey  from  Fulton."^ 
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Fig.  212.   Responses  of  Linmlus  heart  to  stimulation  of  lateral  ner\'es.   Numbers  indicate 
number  of  stimuli;  note  increasing  response  and  final  tetanus.   From  Carlson."^' 


and  recovery  of  excitability  is  gradual  during  the  contraction  (Fig.  212).  A 
strong  stimulus  applied  during  systole  can  elicit  a  contraction  of  greater  ampli- 
tude than  the  normal  heart  beat.  Further,  an  extra  contraction  is  not  followed 
by  a  corresponding  compensatory  pause.  Most  molluscan  and  arthropod 
hearts  can  be  tetanized.  These  hearts,  therefore,  do  not  contract  in  an  all- 
ot-none fashion;  a  normal  contraction  is  never  maximal.  Certain  intensities 
of  shock  applied  to  molluscan  hearts  during  systole  can  result  in  diminished 
contraction;''-'  the  explanation  of  this  phenomenon  is  not  clear.  Carlson  ob- 
served the  above  behavior  in  hearts  of  Mytilus,  Cardiitm,  Ariolimax,  Pali 
nurus,  Limulus  and  other  species.  Similar  responses  to  electrical  stimulation 
have  been  noted  in  the  lobster,"^  cockroach,'-^' •''  Limulus,^''-  and  Anodonta  and 
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Unio.'^''-  ""  In  OctopMs/"'-  "'*  also,  a  shock  applied  during  systole  may 
nroionp  or  heighten  the  contraction,  extrasvstoles  are  not  followed  bv  a  com- 
pensatory  pause,  and  the  heart  can  be  smoothly  tetanized.  Anodal  polariza- 
tion slows  or  stops  hearts  of  Leptodora,  Daphnia,^''-'  and  Ahtrfx'"^  in  diastole 
like  the  hearts  of  vertebrates. 

In  Liniuhis  the  cardiac  ganglion  contains  two  types  of  nerve  fiber,  large 
fibers  which  show  a  refractory  period  of  4-6  msec,  and  smaller  fibers  with  a 
refractory  period  of  500-600  msec.^'^ 

The  differences  between  arthropod-mollusc  hearts  and  vertebrates  hearts  in 
response  to  electrical  stimulation  and  in  all-or-none  properties  may  be  due  to 
differences  in  the  syncytial  nature  of  the  heart  muscle.  The  histological  cor- 
relations with  response  are  poorly  known,  and  research  should  be  extended 
to  additional  animal  groups. 

CONCLUSIONS 

To  be  of  adaptive  value  a  circulatory  system  must  respond  to  stress;  blood 
must  be  available  where  it  is  needed  in  adequate  amounts  when  required. 
Circulatory  mechanisms  differ  greatly  in  their  efficiency  of  response  to  stress. 
Open  svstems— coelom,  pseudocoel,  or  hemocoel— without  hearts  are  adequate 
where  respiratory  and  nutritional  demands  are  not  great.  Such  pools  of  fluid 
can  more  adequately  distribute  oxygen  than  acquire  it.  With  increase  in  body 
size  and  activity  hearts  are  added  to  some  open  systems,  as  in  numerous  crus- 
taceans and  molluscs.  These  hearts  are  incapable  of  developing  high  pres- 
sures, however,  and  circulatory  flow  is  largely  accomplished  by  the  tone  of 
body  muscles.  The  blood  volume  is  large  and  the  transport  of  oxygen  from 
gills  to  muscle  is  relatively  slow.  Some  annelids  have  in  addition  a  system 
of  closed  blood  vessels,  particularly  for  oxygen  transfer,  but  the  coelom  re- 
mains the  main  circulatory  mechanism  for  excretion  and  nutrition.  The  in- 
efficiency of  the  open  system  is  solved  in  insects  by  reduction  of  the  hemocoel 
to  minor  functions  and  by  the  carrying  of  air  directly  in  tubes  to  the  muscles; 
this  permits  high  activity  in  a  compact  body.  In  the  cephalopods  and  verte- 
brates part  of  the  circulatory  system  became  closed  off  in  vessels,  with  the  re- 
suit  that  systemic  blood  pressure  is  high,  velocity  of  blood  flow  is  also  high, 
and  blood  volume  is  low  (not  known  for  cephalopods).  The  lower  verte- 
brates retained  a  sort  of  open  system,  the  lymph  system,  in  which  flow  is  aided 
by  accessory  lymph  hearts;  in  higher  vertebrates  the  lymphatics  are  of  much 
less  importance.  Among  vertebrates  there  are  complex  reflex  and  hormonal 
systems  for  the  maintenance  of  blood  pressure;  the  extent  of  similar  regulating 
systems  among  invertebrates  is  unknown. 

Heart  muscle  in  all  animal  groups  has  some  properties  of  visceral  and  some 
properties  of  somatic  muscle.  The  ability  of  a  heart  as  a  whole  to  contract  in 
all-or-none  fashion  may  be  related  to  the  degree  of  its  syncytial  structure. 
Vertebrate  hearts  differ  strikingly  in  this  respect  from  mollusc-arthropod 
hearts.  The  property  of  rhythmic  activity  is  inherent  in  many  nerve  cells  and 
visceral  muscles.  It  is  not  surprising,  then,  that  cardiac  pacemakers  are  di- 
verse and  it  is  possible  that  the  causative  chemical  rhythms  are  similar  in  all 
pacemakers.  Myogenicity,  which  is  more  primitive,  is  retained  in  adult  ver- 
tebrates and  molluscs  but  is  replaced  by  neurogenicity  in  most  adult  arthro- 
pods. 
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Nervous  regulation  of  heart  beat  has  evoh'ed  numerous  times,  sometimes 
with  augmenting  fibers,  sometimes  with  inhibiting  fibers,  and  sometimes  with 
both.  There  is  no  evidence  for  nervous  or  hormonal  control  of  peripheral 
blood  vessels  among  any  invertebrate  groups.  Activity  in  cardiac  nerves  ap- 
pears to  be  associated  with  liberation  of  chemical  mediators,  identification  of 
which  is  sure  only  for  vertebrates.  The  effect  of  acetylcholine  on  a  heart  de- 
pends on  the  innervation  of  the  heart. 

The  evolution  of  circulatory  mechanisms  shows  many  parallel  develop- 
ments, each  tending  to  make  a  given  volume  of  fluid  serve  more  efficiently 
the  transport  needs  of  the  animal.  Circulatory  mechanisms  emphasize  the 
bifurcation  of  the  phyletic  tree  and  the  great  gap  between  vertebrates  and 
prochordates  (ascidians). 
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I    HE  SPEED  OF  LOCOMOTION  of  an  animal,  and  hence  its  ability  to  get 

I        food  and  to  escape  from  predators,  is  partly  limited  by  the  reaction 

B         time  of  its  muscles.    In  addition  to  locomotion,  muscles  perform 

functions  associated  with  digestion,  excretion,  and  reproduction,  and  most 

animals  have  muscles  of  several  characteristic  reaction  times. 

Contractile  fibers  occur  in  Protozoa,  as,  for  example,  the  myonemes  of  Vor- 
ticella  and  Stentor.  In  sponges,  contractile  epidermal  cells  can  close  the 
oscula,  while  animals  of  all  higher  phyla  have  cells  speciahzed  for  contraction. 
The  cellular  pattern  of  muscle  evolved  very  early,  and  even  coelenterates 
have  some  striated  fibers. 

The  cellular  mechanism  of  contraction  and  relaxation  resides  in  certain 
fibrous  proteins  which  can  undergo  reversible  folding.^-  ^°*^'  ^^^  How  these 
proteins  differ  in  fast  and  slow  muscles  is  totally  unknown,  and  a  comparative 
study  of  the  contractile  protein,  actomyosin,  might  well  give  evidence  re- 
garding the  fundamentals  of  contraction. 

A  comparative  study  of  muscles  suggests  that  their  properties  can  be  con- 
veniently grouped  into  five  general  categories:  (1)  time  relations  of  contrac- 
tion—contraction rate,  time  constants  of  excitation,  conduction  rate,  refractory 
period,  and  frequency  of  stimulation  for  fused  response;  (2)  dependence  on 
facilitation  (summation  of  nerve  impulses);  (3)  maintenance  of  tension,  re- 
laxation rate,  and  tonus;  (4)  spontaneous  rhythmicity;  and  (5)  chemical 
compounds  in  activation  and  liberation  of  energy. 

GROSS  FUNCTIONS  OF  MUSCLE 

Muscles  have  been  classified  in  many  ways  and  no  single  classification  is 
entirely  satisfactory.  We  can  first  put  muscles  into  two  groups  in  terms  of 
their  function  in  the  animal: 

1.  Muscles  with  origins  and  insertions  on  skeletal  structures,  either  endo- 
skeletal  or  exoskeletal,  or  on  skin.  These  muscles  are  generally  phasic,  or 
muscles  of  movement.  Examples  are  the  muscles  moving  body  appendages 
such  as  legs,  wings,  and  mouth  parts,  muscles  extruding  or  retracting  a  pro- 
boscis or  tentacles,  and  muscles  closing  the  valves  of  a  pelecypod.  Many 
muscles  occur  in  antagonistic  pairs— contraction  of  one  reflexly  inhibiting  con- 
traction of  the  other,  one  causing  movement  in  one  direction,  the  other  caus- 
ing movement  in  the  opposite  direction;  other  muscles  pull  against  an  elastic 
ligament,  for  example,  clam  adductors.  Usually  phasic  muscles  form  part  of 
a  lever  system  and  function  by  shortening  (isotonic  contraction)  or  by  de- 
veloping tension  while  at  a  constant  length   (isometric  contraction).     No 
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muscle  functions  purely  isotonically  or  isometrically,  but  individual  muscles 
can  approach  these  conditions. 

2.  Muscles  arranged  around  hollow  structures,  lacking  strict  origins  and 
insertions,  one  portion  of  the  muscle  inserting  into  and  hence  pulling 
on  another  portion  of  itself.  These  are  predominantly  "holding"  muscles. 
Among  the  vertebrates  the  smooth  muscles  of  the  bladder,  the  ureter,  the 
stomach,  and  the  intestine,  and  striated  muscle  such  as  the  sphincter  ani  and 
esophageal  muscle  and  the  heart  are  circular  muscles,  as  are  also  the  body 
wall  muscles  of  annelids,  holothurians,  and  other  "hohlorganartige  Tiere,"  as 
Jordan  calls  them.  In  general,  muscles  of  hollow  structures  are  slower  than 
phasic  inserted  muscles;  they  also  occur  in  pairs,  e.g.,  the  circular  and  longi- 
tudinal muscles  of  the  bodv  wall  of  annelids,  producing  reciprocal  move- 
ments. These  muscles  contract  against  sacs  of  fluid  rather  than  against  skele- 
tal or  cuticular  structures. 

Muscles  are  also  classified  as  tetanic  (rapidly  contracting)  and  tonic  (hold- 
ing).*^ Frequently  the  same  muscle  can  perform  both  functions.  Some 
muscles  with  fixed  attachments  are  tonic,  as  the  clam  adductors,  but  in  gen- 
eral the  tonic  properties  are  more  common  among  the  muscles  enclosing 
cavities. 

Muscles  of  both  of  the  above  categories  are  under  reflex  control,  the 
tetanic  more  so  than  the  tonic.  Within  a  muscle  the  motor  nerve  fibers 
branch  extensively  among  muscle  fibers.  A  group  of  muscle  fibers  together 
with  the  motoneurone  which  innervates  it  constitutes  a  motor  unit.  In  mam- 
mals several  hundred  muscle  fibers  may  be  served  by  one  motor  nerve  fiber. 
In  crustaceans  and  in  some  molluscs  one  motor  nerve  fiber  may  supply  an 
entire  muscle  (see  p.  596).  The  extent  to  which  visceral  muscles  are 
organized  in  motor  units  is  not  clear.  The  smooth  muscles  of  vertebrate 
blood  vessels  and  pilomotors  behave  as  if  they  were  arranged  in  motor 
units.^**  By  contrast,  in  intestinal,  uterine,  and  cardiac  muscle,  and  probably 
in  the  molluscan  foot,  conduction  occurs  from  muscle  cell  to  muscle  cell 
or  by  a  nerve  plexus.  Many  muscles  receive  several  types  of  innervation, 
separate  motor  innervations  for  fast  contractions,  for  slow  contractions,  and 
sometimes   for   inhibition. 

If  movement  is  to  be  useful  not  only  must  it  be  performed  at  a  suitable 
rate,  but  it  must  be  capable  of  gradation  in  rate  and  strength  by  one  or  more  of 
the  following  mechanisms:  (1)  The  grading  of  movement  in  a  muscle  organ- 
ized in  units  is  regulated  from  the  central  nervous  system  by  varying  the  num- 
ber of  units  active.  (2)  Activity  in  all  types  of  muscle  is  graded  in  part  by 
variation  in  frequency  of  motor  stimulation  of  individual  units,  high  fre- 
quencies eliciting  strong  contractions.  (3)  Another  method  of  gradation 
is  possible  wherever  multiple  innervation  occurs;  different  nerve  fibers  cause 
contractions  of  diff^erent  rates,  or  cause  either  local  or  all-or-none  contrac- 
tions, and  inhibitory  fibers  diminish  the  effect  of  excitatory  fibers. 

TIME  RELATIONS  OF  MUSCLE 

Histological  Correlations:  Electron  Microscopy  of  Muscles.  Vertebrate 
muscles  have  long  been  classified  as  striated,  cardiac,  and  smooth,  and  it 
has   long  been  recognized  that  the   fastest   muscles   are   striated.    Muscles 
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consist  of  separate  fibers,  and  analysis  of  the  ultimate  contractile  elements 
of  muscle  is  currently  being  pushed  from  microscopic  to  molecular  dimen- 
sions. Cross  striations  per  se  have  no  direct  importance  in  contraction; 
non-striated  muscles  can  contract;  extraction  of  myosin,  the  principal  con- 
tractile protein,  leaves  the  striations  intact.^^^  Yet  cross-striated  muscles 
are  in  general  faster  than  non-striated,  and  the  material  of  the  striations 
may  have  important  metabolic  effects  on  the  contractile  proteins.  An  elec- 
tron micrograph  of  a  myofibril  (Fig.  213)  shows  that  it  consists  of  myofila- 
ments which  pass  continuously  through  the  A  and  I  bands  and  which  do 
not  fold  in  contraction.^ ^^  These  myofilaments  sometimes  show  regular 
spacings  400  a  apart,  but  these  spacings  are  much  less  regular  and  sharp 
than  are  the  640  X  spacings  of  collagen  (Fig.  213). 
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Fig.  213.  Electron  micrograph  of  a  myofibril  of  frog  sartorius  muscle— note  filaments  in 
the  fibril  showing  striations.  Collagen  fibrils  cross  the  muscle  fibril.  Stained  with  phos- 
photungstic  acid.   Scale  1  micron.   From  Hall,  Jakus,  and  Schmitt."" 

Chemical  extracts  of  the  contractile  protein  of  striated  muscle  can  be 
divided  into  two  parts,  actin  and  myosin,  which  combine  to  form  the  con- 
tractile protein,  actomyosin.  Discussion  of  this  important  field  of  biophysics 
is  beyond  the  scope  of  this  book,  but  molecular  threads  have  been  obtained 
which  may  be  the  same  as  the  contractile  units  of  muscle.  Figure  214,  A 
shows  fibrous  actin  prepared  by  polymerization  of  globular  actin  and  align- 
ment of  the  threads  gives  the  appearance  of  striae.  Fibrous  actin  threads 
(Fig.  214,  B)  strikingly  resemble  threads  obtained  by  maceration  of  muscle 
in  a  Waring  blendor  (Fig.  214,  C).  Molluscan  smooth  muscle  yields,  in 
addition  to  "myosin,"  another  protein,  paramyosin,  with  much  longer  x-ray 
spacings  (1100  X)  than  those  of  "myosin."  (Fig.  215.)  Paramyosin  is  present 
only  in  "holding"  muscles  and  may  not  be  contractile. 

Microscopic  Histology  of  Muscle.  The  correlation  between  the  time  con- 
stants of  muscle  contraction  and  muscle  histology  is  striking.  Muscles  can 
be  arranged  in  a  histological  series  according  to:  presence  or  absence  of 
striations,  width  and  density  of  striations,  fiber  length  in  relation  to  muscle 
length,  distribution  of  fibrils  and  nuclei,  proportion  of  sarcoplasm  to  fibrils, 
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Fig.  214.  A,  Fibrous  actin  prepared  by  polymerization  froir.  G-actin.  Note  alignment 
of  filaments  giving  the  appearance  of  striations.  20,000x.  B,  Fibrous  actin.  30,000x. 
C,  Threads  prepared  by  breaking  up  rabbit  muscle  in  Waring  blendor.  20,000x.  Note 
resemblance  of  actin  threads  to  the  filaments  obtained  from  muscle.  From  Rosza,  Szent- 
Gyorgi,  and  Wyckoff.^' 
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Fig.  215.  Electron  micrograph  of  paramyosin  filaments  extracted  from  adductor  muscle 
of  Venus,  stained  with  phosphotungstic  acid.  From  Schmitt  et  al.^' 
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TABLE  70.  KEY  TO  HISTOLOGICAL  TYPES  OF  MUSCLE 


Type 


Striations 


Fibers 


Sarcoplasm 


Fibrils 


Example 


Striated 


Transverse, 
distinct 


Long,  non- 
anastomosing 


Very  litde, 

fibrils 
nearly  fill 
fiber 


Distinct,  striation 
very  sharp, 
fibers  some-     • 
times  branched 


Arthropod 
skeletal 
muscle 


Abundant,  stri- 
ations less  dense, 
nuclei  peripheral 


Vertebrate 
white 
muscle 


High  sarco- 
plasm-fibril 
ratio,  loosely 
packed  fibers 


Adult  muscle: 
nuclei  usually 
peripheral, 
sometimes  cen- 
tral 


Vertebrate 
red 
muscle 


Embryonic 
muscle:  fibrillae 
peripheral; 
nuclei  often 
central,  stria- 
tions in  process 
of  differentia- 
tion 


Vertebrate 
embryonic 
muscle 


Branched, 

anastomosing 


Intercalated 
discs  prominent 


Vertebrate 
cardiac 
muscle 


No  intercalated 
discs 


Arthropod 
cardiac 
muscle 


Faint,  may 
be  transverse, 
diagonal,  zig- 
zag, spiral  or 


Molluscan, 

annelid, 

ascidian 

striated 

fibers 


Non-striated 


Long,  rarely 
branches  or 
bridges 


Fibrils 
readily 
seen 


Phascolosoma 

retractors, 

cephalopod 

chromatophore 

muscles 


Fibrils 
not  readily 
seen 


Echinoderm 
(Thyone)  re- 
tractors, 
molluscan 
adductors 
(smooth  part) 


Less  than 
0.5  mm.  long 


Fibrils  usually 
seen  in  cross 
section,  some 
interfibrillar 
bridges 


Vertebrate 
smooth 
muscle 
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and  relative  amount  of  connective  tissue.     Table  70  and  Figures  216  and 
217  suggest  the  nature  of  the  histological  series. 

The  cross  striations  of  muscle  consist  of  alternating  strongly  birefringent 
and  weakly  birefringent  regions,  the  anisotropic  (A)  and  the  isotropic  (I) 
bands.  The  A  band  is  normally  seen  as  darker  than  the  I  band  in  fresh 
or  fixed  tissue.  The  light  I  bands  are  divided  by  so-called  Z  lines,  which 
are  transverse  boundaries  between  the  structural  units,  sarcomeres;  thus 
one  unit  or  sarcomere  consists  of  two  light  areas  on  either  side  of  a  dark 
one;  changes  in  the  width  of  both  bands  and  in  the  birefringence  occur 
during  contraction  (Fig.  216,  A).  A  muscle  fiber  consists  of  a  bounding 
sarcolemma,  fibrils  which  are  aligned  with  respect  to  striations,  and  a  ma- 

::;,  ;  b 


^fJi^M^ 


VA  •       ' 


^^^  '       ' 


Muscle  nucleus — "StT"  ****^  i 


Connective  tissue 


nuclei  i  -'VS^m 

I 


T'ltl  -  \\ 


W"  ■      A 

Fig.  216.  Views  of  muscle  fibers:  A,  longitudinal,  and  B,  cross  views  of  striated  fibers 
from  sea-spider  (Anoplodactylus).  Sharp  Q  (or  A)  bands,  J  (or  I)  bands  with  2  discs. 
Nuclei  peripheral,  fibrils  nearly  fill  fibers.  After  Jordan."^  C,  longitudinal,  and  D,  cross 
views  of  fibers  from  heart  of  Anodonta.  Striations  diagonal,  fibrils  peripheral  and  sparse, 
sarcoplasm  abundant,  nuclei  central.  Marceau.^*" 

trix  or  sarcoplasm.  Outside  it  is  a  variable  amount  of  connective  tissue. 
The  myofibrils  are  contractile,  and  the  sarcoplasm  may  also  contain  some 
contractile  elements.-**  Smooth  muscle  fibers  of  vertebrates  contain  fibrils 
which  lack  striations;  optically  they  are  weakly  birefringent. 

In  arthropod  limb  muscles  the  striations  are  sharp  and  fairly  close  to- 
gether, the  fibers  are  long  and,  in  many  (e.g.,  Crustacea)  they  are  branch- 
ing; the  fibrils  (sarcostyles)  are  more  separable  than  in  vertebrates  (Fig. 
216,  A).  Insect  muscles  may  have  striations  less  than  5-6  /x  apart  and  very 
sharp.  The  fast  muscles  of  flight  in  a  variety  of  insects  exhibit  closer 
striae  (2yu,)  than  do  their  slower  leg  muscles  (4  /x);  in  mandibular  mus- 
cles striae  are  still  farther  apart  (6  /a).-^^    In  other  insects  the  ratio  of  the 
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widths  of  A  to  I  bands  approaches  1  in  faster  muscles  and  is  much  less 
than  1  in  slower  muscles.^^  In  crabs  the  striation  widths  exceed  10  fi  but 
tend  to  be  narrower  in  the  faster  muscles  of  a  given  individuals^®  The 
contractile  proteins  are  distributed  throughout  the.  fiber,  hence  the  material 
of  the  striations  is  not  concerned  directly  with  contraction,  and  there  is  no 
clear  explanation  of  why  striated  muscle  is  faster  than  non-striated. 
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Fig.  217.  Views  of  muscle  fibers:  fibers  of  longitudinal  retractor  muscles  of  Thy  one: 
longitudinal  sections,  A,  in  relaxed,  and  B,  in  contracted  state;  C,  cross  section  in  relaxed 
state.  No  striations,  no  fibrils,  much  connective  tissue.  Olson."^  D,  Portion  of  muscle 
fiber  from  heart  of  Ciona.  Striated  on  one  side,  non-striated  on  other  side.   Bozler." 

Muscle  striations  are  usually  less  sharp  in  vertebrates  than  in  arthropods, 
sarcomere  lengths  are  usually  2-3  jx,  and  in  isotonic  contraction  they  may 
sometimes  be  reduced  to  half  this  length.  In  amniotes  and  in  some  fish, 
striated  muscle  may  be  white  or  red.  The  color  is  less  important  than  are 
other  characters;  in  white  muscle  the  fibrils  are  close  together  and  abun- 
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dant;  in  red  muscle  there  is  proportionately  much  more  sarcoplasm,  rich 
in  myoglobin  (Ch.  9).  Muscle  nuclei  are  peripheral  in  white  fibers;  some 
of  them  are  central  in  red.  White  muscle  is  faster  and  fatigues  more  rapidly 
than  red  muscle.^^^'  ^^^  In  the  slow-moving  sloth  all  skeletal  muscles  are 
of  the  sarcoplasm-rich,  red  type  (Wislocki,  in  Hines^^s-)  Yg^tebrate  cardiac 
muscle  consists  of  long  branching  and  anastomosing  red  fibers  which  show 
striations  about  2-3  /x  in  length  and  are  crossed  at  intervals  by  intercalated 
discs.  In  vertebrate  embryos  the  muscle  fibers  are  contractile  before  stria- 
tions appear,  and  striations  increase  gradually  in  number  and  in  proportion 
to  sarcoplasm.  Embryonic  muscle  shows  many  of  the  physiological  charac- 
teristics of  slow  muscles^"®-  ^^  (Table  70). 

The  muscles  of  many  invertebrates,  particularly  of  annelids,  tunicates, 
molluscs,  and  coelenterates,  are  mixed  non-striated  and  striated,  and  fre- 
quently are  intermediate  in  character.  Fibers  of  each  type  may  occur  side 
by  side,  or  a  muscle  may  be  mainly  striated  or  smooth.  In  the  heart  of 
Ciona,  fibers  have  been  seen  which  are  striated  on  one  side  and  non-striated 
on  the  other  (Fig.  217,  D'*^),  a  condition  sometimes  seen  in  embryonic  or 
regenerating  amphibian  fibers.^^^  In  several  invertebrate  phyla  Bozler^^  dis- 
tinguished fast  (tetanic)  fibers  with  a  few  large  dark  fibrils  at  the  periph- 
ery, and  tonic  fibers  with  smaller  fibrils  more  extensively  scattered  through- 
out the  fiber.  It  is  probable  that  fibril  distribution  may  be  correlated  with 
many  functional  properties  of  muscles.  In  several  animal  groups,  particu- 
larly in  annelids,  molluscs,  and  ascidians,  spiral  striations  have  been  de- 
scribed (Fig.  216,  C).  The  fibrils  are  peripheral,  and  the  proportionate  volume 
of  sarcoplasm  to  fibrils  is  high.  These  muscles  are  slower  than  vertebrate 
red  muscle. 

The  smooth  muscles  of  invertebrates,  particularly  of  molluscs  and  holo- 
thurians  (Fig.  217,  A),  are  often  long  fibered.  In  the  adductors  of  bivalves 
or  the  byssus  retractor  of  Mytilus  the  non-striated  fibers  are  large  and  run 
more  than  half  the  length  of  the  muscle. ^°^  Fibrils  have  not  been  demon- 
strated histologically  in  some  of  these  long  fibers.  The  smooth  muscles  of 
vertebrates,  particularly  the  visceral  smooth  muscles,  consist  of  small  spindle- 
shaped  fibers,  often  less  than  a  millimeter  long  and  showing  fibrils  in  cross 
section.  In  general  the  short-fibered  vertebrate  smooth  muscles  are  slower 
than  many  invertebrate  smooth  muscles  (Table  70). 

Another  histological  correlation  with  the  course  of  contraction  is  the  amount 
of  connective  tissue  in  a  muscle.  The  elasticity  of  a  resting  frog  striated 
muscle  fiber  resides  partly  in  the  sarcolemma,^^^-  ^lo  and  non-contractile  ele- 
ments such  as  connective  tissue  impose  a  "viscous"  resistance  to  movement. 
No  quantitative  data  are  available,  but  in  many  smooth  muscles  the  pro- 
portion of  connective  tissue  to  sarcoplasm  is  greater  than  it  is  in  striated 
muscle  (Fig.  217,  A). 

More  data  are  needed  for  an  adequate  histological-functional  correlation 
in  muscle.  Table  70  indicates  the  histological  series  from  fast  to  slow  mus- 
cles. The  categories  in  this  table  are  not  rigid,  and  much  overlap  occurs. 
Many  bizarre  types  of  muscle  cells  have  been  described  (e.g.,  in  Ascaris'^^^, 
about  which  there  is  no  physiological  knowledge.  It  would  be  of  mterest 
to  know  more  about  branched  red  fibers  like  those  in  the  tongue  of  higher  ver- 
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tebrates.  Some  muscle  fibers  are  partly  striated  and  partly  smooth  (Fig. 
217,  D).  In  general,  sharp,  closely  spaced  striations,  many  fibrils,  a  small 
amount  of  interfibrillar  sarcoplasm,  and  long  fibers  are  correlated  with  speed, 
while  absence  of  striations,  abundant  sarcoplasm,  central  nuclei,  short  fibers, 
and  much  connective  tissue  are  correlated  with  slowness.  The  size  of  the 
sarcomere  seems  to  be  less  important  than  the  sarcoplasm-fibril  ratio. 

Time  Constants  of  Contraction  and  Excitation.  The  "speed"  of  a  muscle 
can  be  measured  by  several  criteria,  not  all  of  which  are  dependent  on  a 
common  cellular  basis.  In  Table  71  are  given  representative  data  on 
excitation  times  (e.g.,  chronaxie),  contraction  time,  relaxation  time,  con- 
duction rate,  fusion  frequency,  and  refractory  period  in  muscles.  The  values 
given  are  subject  to  certain  qualifications.  Contraction  and  relaxation  rates 
of  Table  71  are  for  simple  twitches  or  brief  periods  of  tetanus.  Lever  sys- 
tems are  not  always  fast  enough  to  record  accurately,  hence  true  contrac- 
tion rates  may  be  faster  than  recorded.  Since  some  muscles  can  contract  at 
several  rates,  depending  on  the  stimulus  (see  pp.  596-600),  the  values  in 
Table  71  are  for  fast  contractions.  Relaxation  rates  also  are  often  a  function 
of  the  lever  system,  yet  differences  in  relaxation  rates  are  greater  than  in 

Time   120/second 


Myogram—  isometric. 
M.  sortoriuS"-R.  pipiens 


Myogram  ---  M.  retractor 
Q  Penis  ---  P elegans' 

Time  intervals  01  sec- 


Myogram-- circular  muscle 

Q  Turtle  Intestine 

Time  intervals  6.0  sec. — 


mill  iiMMiii 


iiiiiiMiiiiiiiiiiiiiiiiiiiiiiiiiii  mil  III  Mill  II  mil 


Fig.  218.  Contraction  curves  of  three  muscles  of  different  rates  of  contraction  and 
relaxation  with  adjusted  time  scales  as  indicated.  From  Gilson.^" 


contraction  rates  of  different  muscles.  Some  of  the  chronaxies  are  taken 
with  preparations  where  nerve  and  muscle  excitation  could  not  be  distin- 
guished; chronaxies  measured  with  small  electrodes  are  shorter  than  those 
measured  with  large  electrodes  and  tend  to  approach  nerve  chronaxies.  An 
attempt  is  made  in  Table  71  to  select  values  which  are  probably  muscle 
chronaxies.  Brief  contractions  of  different  muscles  with  adjusted  time  scales 
of  recording  are  rem.arkably  similar  in  shape  (Fig.  218). 

The  contraction  rates  of  some  mammalian  and  bird  muscles  are  faster  at 
38°  than  the  recorded  rates  of  other  muscles.  An  eye  muscle,  e.g.,  the  in- 
ternal rectus,  of  a  mammal  contracts  in  less  than  10  msec.  A  mouse  breathes 
at  the  rate  of  200  times  per  minute  and  has  a  heart  rate  of  200-300.  Bird 
heart  rates  are  often  several  hundred  per  minute,  and  a  humming  bird 
"standing  still"  in  air  shows  a  wing  beat  55  times  a  second.  The  frequency 
for  smooth  tetanic  fusion  is  not  known  for  most  of  these  fast  muscles,  but 
for  cat  internal  rectus  fusion  does  not  occur  below  a  frequency  of  350  per 
second. 


Muscle  and  Electric  Organs  587 

The  flight  muscles  of  insects  have  very  brief  twitch  durations.  Contrac- 
tion times  of  15  msec,  at  room  temperature  have  been  recorded,  and  these 
are  probably  longer  than  the  period  of  contraction  in  the  insect.  Wiggles- 
worth^'*^  discusses  insect  locomotion  in  detail.  Some  of  the  measurements 
of  wing  frequency  in  beats  per  second  given  bv  that  author-'*-  are:  honevbee 
(Apis)  180-250;  bumblebee  (Bomhus)  130-240;  mosquito  (Culex)  278-307; 
fly  (Musca)  180-330;  butterfly  (Pieris)  9,  12;  dragonfly  (Aeschna)  22,  28; 
blowfly  (Lucilia)  87.  In  Drosophila  repleta  the  wing  beats  increase  from 
about  120/sec.  at  10°  to  200/sec.  at  30°.'"  In  mosquito  flight  a  complete 
contraction  and  relaxation  cycle  must  be  completed  in  about  3  msec.  It 
has  been  suggested''"'  that  in  flight  the  muscles  show  an  incomplete  tetanus 
and  that  there  is  alternation  among  fibers  from  beat  to  beat.  Leg  muscles 
of  insects  are  somewhat  slower  (Table  71). 

Recent  evidence^''-"  indicates  that  in  flies  the  wing  muscles  are  stimu- 
lated by  stretch  and  beat  at  higher  frequencies  than  are  shown  by  motor  im- 
pulses from  the  central  nervous  system.  The  intrinsic  rhythm  of  the  wing 
muscles  is  modulated  by  reflexes  initiated  in  part  from  sense  endings  in  the 
halteres  as  discussed  in  Chapter  14. 

Metabolism  in  rapidly  beating  flight  muscles  is  very  high,  and  many 
insects  require  a  warming-up  before  flight.  Most  insects  and  humming 
birds  with  fast  flight  muscles  feed  on  sugar. 

Next  in  speed  are  the  white  muscles  of  vertebrate  limbs  with  contraction 
times  of  25-50  msec,  and  then  the  somewhat  slower  vertebrate  "holding 
muscles,"  usually  red,  such  as  the  soleus,  with  contraction  times  approaching 
100  msec.  Other  red  muscles  such  as  the  diaphragm  are  still  slower  in  con- 
traction. Movements  in  embryonic  muscles,  as  in  a  16-day  rat  embryo,  are 
slower  than  they  are  in  adults,  thresholds  are  high,  and  excitation  times 
are  long.  Muscle  chronaxies  of  a  5-day  chick  are  reported  to  be  60  times 
as  long  as  in  the  adult  fowl.^^^ 

The  striated  muscles  of  invertebrates  have  speeds  similar  to  those  of  ver- 
tebrate red  muscle.  Crustacean  claws,  squid  mantle,  and  some  coelenterate 
muscles  contract  in  about  100  msec.  The  adductor  muscles  of  most  bivalve 
molluscs  have  a  striated  portion  which  when  isolated  contracts  in  about 
100  msec,  and  a  smooth  portion  which  contracts  more  slowly  (Table  71). 

It  is  difficult  to  get  an  accurate  contraction  rate  for  visceral  smooth  mus- 
cles. Spontaneous  or  induced  contractions  are  often  slow  rhythmic  waves 
takinp  several  seconds  for  contraction.  The  cat  nictitating  membrane  con- 
traction time  is  also  several  seconds.  The  contraction  rate  of  single  verte- 
brate smooth  fibers  is  not  known,  and  part  of  the  sluggishness  of  the  whole 
muscle  is  due  to  the  local  nature  of  contractions. 

Conduction  at  Neuromuscular  Junctions  and  in  Muscle.  Motor  nerve 
impulses  activate  muscles  by  way  of  a  neuromuscular  junction.  The  nature 
of  this  junction  is  not  well  known  except  in  vertebrate  skeletal  muscle,  in 
which  it  is  a  complex  end-plate  to  which  b9th  nerve  and  muscle  contribute 
(Fig.  236).  In  smooth  muscles  the  motor  nerve  fibers  branch  extensively, 
surround,  and  may  penetrate  the  muscle  fibers. 

An  impulse  in  a  motor  nerve  going  to  vertebrate  striated  muscle  con- 
sists in  part  of  an  electrical  wave,  the  action  potential,  which  travels  at  high 
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velocity  (Ch.  23).  At  the  end-plate  a  nerve  impulse  causes  a  local  depolar- 
ization which  is  manifest  as  an  end-plate  potential  (e.p.p.)-  The  e.p.p.  may 
be  associated  with  an  increase  in  acetylcholine  at  the  end-plate,  either  from 
the  nerve  endings^«'  '''■  '*'  or  from  the  muscle  sole  plate.^^-^^  The  local 
end-plate  potential  is  graded  in  size  and  spreads  electrotonically  for  a  few 


Fig.  219.  Action  potentials  trom  the  region  of  the  end-plate  in  frog  muscle:  a,  before 
curarization;  b  to  d,  increasing  degrees  of  curarization;  e,  curarization  complete— e.e.p. 
alone.   AU-or-none  propagated  spike  arises  from  e.p.p.  in  ad.    From  Kuffler.^^^ 

millimeters  around  the  end-plate,  where  it  sets  off  the  muscle  action  poten- 
tial (Fig.  219).  The  e.p.p.  can  be  detected  only  at  or  near  the  neuromuscu- 
lar junction,  and  under  increasing  curarization  it  becomes  gradually  re- 
duced (Fig.  219).  When  the  end-plate  potential  is  reduced  by  curare  to 
below  about  30  per  cent  of  its  maximum  the  muscle  impulse  can  no  longer 
be  initiated.^'*'*    With  two  or  more  nerve  impulses  the  graded  e.p.p.'s  can 
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summate.  Eserine,  which  inactivates  choHnesterase,  enhances  the  e.p.p., 
but  has  no  effect  on  the  muscle  impulse.  The  e.p.p.,  then,  is  graded,  is 
local,  can  summate,  decreases  rapidly  with  distance  from  the  end-plate,  and 
when  of  sufficient  size  sets  up  a  muscle  impulse  which  is  propagated  along 
the  muscle  fiber,  is  all-or-none  in  height,  and  is  conducted  at  a  measurable 
velocity.  Propagation  in  frog  muscle  at  room  temperature  is  1-2  m./sec.^-^^ 
(Table  71). 

In  most  striated  muscle  fibers  there  is  a  marked  negative  after-poten- 
jJ3|204,  241  (Fig.  220).  Veratrine  enhances  the  negative  after-potential;  it 
also  may  delay  relaxation  by  causing  repetitive  discharge. ^^"^  "'^  Negative 
after-potentials  can  summate  and  fuse  in  multifiber  preparations,  owing  to 
asynchrony.^" 

The  contractile  response  to  a  propagated  all-or-none  muscle  impulse  is  a 
twitch.  The  muscle  membrane  recovers  quickly,  more  quickly  than  the 
muscle  can  relax,  hence  the  membrane  can  conduct  impulses  at  high  fre- 
quencies,  keeping  the  muscle  in  a  contracted  state   (fused  tetanus).    An 


Fig.  220.  Action  potential  (solid  line)  and  myogram  (broken  line)  for  sartorius  of  cat. 
Rapid  propagated  spike  followed  by  slow  negative  after-potential.  From  Rosenblueth 
and  Hoagland.^ 

isolated  entire  muscle  fiber  can  be  stimulated  to  give  all-or-none  twitches;^^'^ 
a  piece  of  fiber  or  intact  fibers  in  poor  condition,  however,  give  local  con- 
tractions which  are  not  propagated. ^^^'  ^^  In  all-or-none  twitches  the  muscle 
impulse  activates  the  contractile  elements  over  which  it  passes;  in  graded 
local  responses  the  contractile  elements  are  stimulated  directly  without  a 
muscle  impulse.  The  local  contractions  are  graded,  summate,  and  show  no 
refractory  period;  hence  the  all-or-none  nature  of  a  muscle  contraction  re- 
sides in  the  mechanism  of  conduction  rather  than  in  that  of  contraction.-^^ 
Under  conditions  of  fatigue,  etc.,  the  propagated  response  may  disappear  and 
local  contractions  occur  in  the  region  of  a  neuromuscular  junction'*'"^  or  under 
the  stimulating  electrodes.  In  frog  muscles  small  motor  nerve  fibers  may 
cause  only  the  graded  local  type  of  contraction,  large  motor  nerve  fibers  the 
all-or-none  propagated  twitch  (Fig.  229). ^'*'^'  ^^^  How  the  muscle  impulse 
activates  the  contractile  elements  is  a  major  mystery. 
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In  Crustacea  the  graded  potentials  of  the  neuromuscular  junction  con- 
tribute largely  to  the  total  action  potential  of  the  muscle.  Their  role  in  con- 
traction will  be  discussed  below. 

In  long-fibered  smooth  muscles,  such  as  the  anterior  retractor  of  the  byssus 
in  Mytilns,  impulses  appear  to  be  propagated  at  a  rate  of  13-20  cm./sec. 
with  a  simple  action  potential  of  duration  2-3  sec.^o^-  10.5  when  the  muscle 
is  stimulated  repetitively  the  action  potentials  increase  in  height  (staircase) 
and  at  5-7  per  second  can  fuse.  Either  there  is  marked  fiber  asynchrony  or 
else  the  action  potential,  although  conducted  along  the  muscle,  is  not  an 
all-or-none  membrane  depolarization  but  resembles  more  a  graded  end-plate 
potential. 

In  the  retractor  of  the  buccal  mass  of  Helix  the  action  potential  con- 
sists of  two  waves,  fast  and  slow  (Fig.  221  ).^'^  When  stimulated  through 
the  nerve  the  neuromuscular  junction  is  refractory  for  10  msec,  but  thereafter 
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B 

Fig.  221.  Action  potential  of  fast  and  slow  v<'aves,  and  mechanical  record  from  buccal 
retractor  of  Helix.  A,  Response  to  single  stimulus.  B,  Response  to  repetitive  stimulation 
at  l/sec,  showing  summation  of  contraction.   Time  in  1/5  second.    Bolzer.*' 

shows  supernormal  excitability  with  maximum  facilitation  at  50  msec;  the 
muscle  potentials  in  response  to  stimuli  at  an  interval  of  about  50  msec, 
summate.  With  repetitive  stimulation  at  10/sec.  the  muscle  potential  de- 
clines, and  at  100/sec.  there  may  be  continued  contraction  but  no  demon- 
strable action  potential.^""'  The  retractor  muscles  of  Thyone  also  show  fast 
and  slow  electrical  waves.""  None  of  these  long-fibered  smooth  muscles 
have  been  examined  in  regard  to  conduction  in  their  single  fibers. 

Short-fibercd  and  branched-fibered  muscles  present  a  difficult  electrical 
problem.  In  the  conduction  wave  of  the  vertebrate  heart  there  are  fast  and 
slow  components  (Ch.  15).  Recent  observations'*'  on  single  cardiac  fibers 
or  small  bundles  show  that  depolarization  persists  for  tenths  of  a  second, 
hence  the  slowness  of  the  muscle  mav  depend  on  its  failure  to  repolarize 
quickly.  Action  potentials  have  not  been  analyzed  from  any  of  the  short- 
fibered  spiral  striated  muscles  of  invertebrates. 

Smooth  muscles  of  higher  vertebrates  are  innervated  by  postganglionic 
autonomic  nerves,  the  sympathetics  usually  liberating  an  adrenin-like  com- 
pound, and  the  parasympathetics  liberating  acetylcholine.  Propagation  along  a 
sheet  of  smooth  muscle  has  been  variously  claimed  to  be   (1)  along  each 
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muscle  cell  as  in  striated  muscle,  the  muscle  cells  being  innervated  as  motor 
units  (nictitating  membrane,  blood  vessels,  pilomotors),^"-  -**-  (2)  from 
muscle  cell  to  muscle  cell  by  protoplasmic  bridges  (visceral  muscles),'*^ 
(3)  through  the  muscle  sheet  by  a  nerve  plexus/  (4)  by  diffusion  of  a 
mediator  (sympathin)  from  cell  to  cell.-'^''  Evidence  for  diffusion  comes 
from  the  dependence  of  size  of  response  on  number  of  impulses;  maximum 
tension  in  striated  muscle  depends  on  the  number  of  functioning  motor 
nerve  fibers,  whereas  in  smooth  muscle  the  maximum  tension  when  few 
fibers  are  stimulated  approaches  the  maximum  which  obtains  when  the 
whole  trunk  is  stimulated.  Similar  gradation  of  response  occurs  with  in- 
jections of  different  amounts  of  adrenalin.-"''  Evidence  for  the  first  two 
hypotheses  comes  from  electrical  records. 


i. 


Fig.  222.   Action  potentials  of  nictitating  membrane  of  cat:  a  to  d,  curves  resulting  from 
increasing  intensities  of  stimuli.   Eccles  and  Magladerry."^ 


A  B 

Fig.  223.   Action  potentials  from  the  ureter  of  the  rat:  A,  diphasic,  and  B,  monophasic 
record  with  electrodes  1  mm.  apart.  Bozler.'^ 


In  the  nictitating  membrane  of  the  cat  a  nerve  volley  insufficient  to  elicit 
a  contraction  sets  up  a  slow  negative  wave  (N)  which  mav  last  10  msec. 
(Fig.  222);  threshold  volleys  elicit  larger  negative  waves  which  appear  to 
be  related  causally  to  contraction  (A  and  B  waves  of  Eccles  and  Magla- 
derry,"-  I  waves  of  Rosenblueth  et  al.-°'0-  After  these  waves  a  large  positive 
deflection  is  seen,  and  thereafter  slow  rhythmic  oscillations  may  occur.  In- 
jected adrenalin  elicits  rhythmic  but  less  synchronous  oscillations  than  nerve 
impulses.  1  here  is  disagreement  concerning  the  parts  played  by  liberation 
and  diffusion  of  mediator  and  by  muscle  cell  impulses  in  this  complex  elec- 
trical response.  In  visceral  smooth  muscle  records  obtained  with  electrodes 
close  together  show  monophasic  or  diphasic  spikes  resembling  the  impulses 
conducted  along  striated  fibers  (Fig.  223*''^).  In  addition,  a  slow  non-propa- 
gated negative  wave  may  precede  a  spike,  and  there  may  be  some  residual 
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negativity  following  the  impulse  (intestine).-*"-  ■'-  Under  some  conditions 
(e.g.,  in  pendular  movement)  the  intestine  may  show  a  pre-contraction 
electrical  wave  which  appears  broader  when  the  electrodes  are  separated; 
when  the  electrodes  are  close  together  fast  spikes  conducted  in  millimeter 
units  are  seen.^  In  the  ureter  slow  waves  predominate  over  fast  ones  (Fig. 
223),  but  there  is  much  species  variation.''"  Rhythmic  activity  of  visceral 
muscles  is  accompanied  by  repetitive  discharges,  the  slow  components  show- 
ing summation.  Extension  to  smooth  muscle  of  the  microtechniques  used 
in  studying  end-plate  potentials  in  striated  muscle  should  help  to  clarify 
the  electrical  picture. 

Striated  muscles  show  graded  local  mechanical  responses  which  can  sum- 
mate,  graded  end-plate  potentials,  propagated  all-or-none  spikes,  and  after- 
potentials.  Just  how  the  "fast"  and  "slow"  electrical  waves  in  smooth  muscles 
compare  with  the  striated  muscle  pattern  is  not  clear.  Apparently  different 
components  predominate  in  different  muscles  and  graded  potentials  may  be 
of  widespread  importance. 

EFFECTS  OF  REPETITIVE  EXCITATION 

In  the  normal  physiology  of  animals,  muscles  are  rarely  stimulated  to  a 
response  by  a  single  nerve  impulse.  Repetitive  stimulation  is  the  rule.  Most 
muscles  develop  increased  tension  with  increasing  frequency  of  stimulation, 
but  there  is  much  variation  in  the  magnitude  of  the  frequency  effect  on 
tension,  and  several  mechanisms  contribute  to  the  effect. 

In  vertebrate  striated  muscles  a  single  nerve  impulse  can  elicit  an  all-or- 
none  contraction.  These  muscles  are  non-iterative..  In  other  muscles  (e.g., 
many  smooth  muscles)  repeated  stimulation  is  required  to  evoke  a  measur- 
able response;  such  muscles  are  iterative.  A  subthreshold  stimulus  delivered 
to  any  excitable  tissue  evokes  an  excitatory  process  which  decays  at  a  rate 
characteristic  of  the  tissue.  The  excitatory  state  from  one  subthreshold  stimu- 
lus can  summate  within  a  limited  time  with  the  excitatory  state  left  from 
a  preceding  stimulus.  In  non-iterative  muscles  a  single  nerve  impulse  sets 
up  sufficient  excitatory  state  at  the  neuromuscular  junction  to  set  off  an 
impulse  propagated  over  the  muscle.  In  iterative  muscles  facilitation  of 
nerve  impulses  is  usually  needed,  and  the  contraction  builds  up  as  more  im- 
pulses are  delivered. 

When  the  stimuli  applied  via  the  nerves  to  non-iterative  muscles  (such 
as  vertebrate  striated)  are  submaximal,  some  fibers  contract  while  others 
are  subliminally  stimulated,  hence  repeated  stimuli  bring  into  action  more 
and  more  fibers.  When,  on  the  other  hand,  maximal  intensities  are  used 
and  all  the  fibers  are  responding,  the  tension  also  increases  with  increasing 
frequency  but  to  a  less  degree  than  with  submaximal  shocks.  Possibly  the 
contractile  elements  do  more  work,  the  proteins  folding  more  completely, 
with  repeated  excitation.  More  probably  part  of  the  work  of  contraction  is 
required  to  overcome  certain  "viscous"  resistance,  to  align  the  molecules 
of  sheath  and  connective  tissue;  when  relaxation  is  incomplete  between 
contractions,  less  work  is  necessary  to  overcome  passive  resistance,  and 
when  the  contractions  are  smoothly  fused  maximum  energy  can  go  into 
the  development  of  tension.    The  tetanus-twitch  ratio  is  higher  with  sub- 
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maximal  than  with  maximal  stimulation,  because  both  factors— increased 
number  of  fibers  and  incomplete  relaxation— are  effective. 

Isolated  pieces  of  single  frog  fibers  show  summation  of  the  local  re- 
sponse,-^ ^  and  isolated  entire  frog  muscle  fibers  which  give  all-or-none 
twitches  have  tetanus-twitch  ratios  varying  from  1.3  to  6.7.^'*^  Tetanus- 
twitch  ratios  for  entire  frog  muscle  with  maximal  shocks  are  sometimes 
greater  than  2  (Fig.  224),  but  in  mammalian  muscle  higher  ratios  are  found, 
e.g.,  cat  gastrocnemius  3.3  and  internal  rectus  10.7. ''■''•  ^-■'  The  frequency 
for  fusion  is  higher  in  white  striated  muscle  than  in  red  (Table  71).  At 
frequencies  1.5  to  3  times  the  fusion  frequency,  the  response  diminishes. 

Not  all  non-iterative  muscles  increase  in  tension  with  increasing  fre- 
quency of  stimulation.  Portions  of  the  squid  mantle  contract  as  single  motor 
units.-^-^  Mechanical  fusion  of  the  response  to  stimulation  through  the 
nerve  occurs  at  25  per  second,  but  there  is  no  increased  tension;  as  the  fre- 
quency of  stimulation  increases  the  response  remains  constant  (Fig. 
225).!^^ 


Fig.  224.    Isometric  contractions  of  frog  sartorius  at  frequencies  given. 


Fig.  225.  Contraction  of  mantle  of  squid  to  stimulation  of  giant  fiber  of  mantle  nerve 
at  frequencies  stated.  Prosser  and  Young.^"^ 

Vertebrate  cardiac  muscle  increases  in  response  hardly  at  all  with  in- 
creasing frequency,  and  has  such  a  long  refractory  period  that  contractions 
do  not  fuse  (Ch.  15,  p.  565).  After  its  refractory  period,  however,  cardiac 
muscle  is  hyperexcitable;  i.e.,  its  threshold  is  lower  than  normal. 

Some  muscles  have  properties  intermediate  between  non-iterative  and 
iterative.  Many  smooth  muscles  of  molluscs,  for  example,  respond  to  a 
single  stimulus  but  relax  very  slowly,  so  that  contractions  build  up  and  ten- 
sion is  held  at  low  frequencies.  In  the  byssus  retractor  of  Mytilus,  for  ex- 
ample, the  tension  doubles  when  the  frequency  of  direct  current  stimuH 
increases  from  one  to  four  per  second. 

In  iterative  muscles  a  single  maximal  stimulus  does  not  elicit  an  all-or- 
none  response  of  the  entire  muscle;  there  may  be  local  responses.  In  addi- 
tion to  the  mechanical  factor  mentioned  above  for  increased  responsiveness, 
two  other  mechanisms  are  important,  neurornuscular  facilitation,  and  spread 
of  excitation  from  cell  to  cell  in  a  sheet  of  muscle. 
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Neuromuscular  facilitation  is  shown  by  vertebrate  striated  muscle  when 
it  is  partially  curarized;  one  end-plate  potential  is  insufficient  for  a  muscle 
impulse,  but  by  summation  an  impulse  can  be  started.  The  muscle  is 
normally  non-iterative,  but  under  partial  curarization  it  is  iterative.  Crus- 
tacean muscles,  as  will  be  shown  below,  may  respond  completely  to  single 
impulses  in  a  motor  nerve  fiber  of  one  type  but  require  facilitation  when 
stimulated  bv  another  nerve  fiber.  The  claw  closer  of  Limulus  responds 
weakly  to  single  maximal  stimuli,  but  at  frequencies  of  30-40  per  sec.  it  de- 
velops 18-28  times  as  much  tension. 


Fig.  226.  Responses  of  flexor  muscle  of  leg  dactylopodite  of  Carcinus  to  repetitive 
stimulation.  Frequencies,  from  highest  tension,  correspond  to  intervals  of  4.0,  5.4,  7.3, 
9.7,  10.6,  12.6,  15.0,  19.7,  22.5,  and  30.0  sigma.  Pantin.'"' 


Fig.  227.  Responses  of  the  sphincter  of  a  sea  anemone  to  repetitive  stimuli,  intervals 
between  separate  stimuli  given  in  seconds.  Pantin.''" 


Repetitive  stimulation  is  essential  to  elicit  complete  responses  of  short- 
fibered  muscles  where  the  excitation  spreads  from  fiber  to  fiber  or  by  a 
nerve  network  in  the  muscle.  In  vertebrate  smooth  muscles  the  mechanical 
response  to  single  shocks  may  be  propagated  over  many  fibers  (ureter),  or  it 
may  be  local  (intestine).  The  total  response  increases  as  more  impulses 
are  delivered.  In  the  nictitating  membrane  of  the  cat  the  contraction  rate 
and  height  of  response  increase  up  to  25-30  per  second.^'-    In  coelenterates 
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excitation  spreads  over  a  ner\'e  network,  and  facilitation  may  be  neuro-neural 
as  well  as  neuromuscular.  Relaxation  is  slow,  and  as  more  stimuli  are 
given  more  of  the  muscle  responds  because  more  junctions  are  facili- 
tated^^*'' "*'  (Figs.  227-228).  In  both  jellyfish  and  sea  anemones  a  long  re- 
fractory period  in  the  conducting  units  prevents  any  fusion  of  the  mechani- 
cal response  (Fig.  227). ^■'**'-  "" 

The  body  wall  muscle  of  the  earthworm  responds  to  single  shocks  but 
excitation  spreads  with  increasing  frequency  and  fusion  occurs  at  about  14 
per  second.  After  a  brief  tetanus,  the  responsiveness  is  enhanced  for  as  long 
as  30  seconds.^' 

Long-fibered  smooth  muscles  appear  to  summate  less  than  short-fibered 
smooth  muscles  do.  The  long  retractor  of  Thyone  and  the  proboscis  re- 
tractor of  Phascolosoma  develop  maximum  tension  (tetanus-twitch  ratios 
of  7  to  10)  at  low  frequencies  (10  per  sec). 

Two  general  types  of  mechanism  permit  increasing  contraction  with  in- 
creasing frequency  of  excitation:  the  overcoming  of  mechanical  resistance 
(or  greater  contractility),  and  junctional  (including  interfiber)  facilitation. 
A  comparati\'e  study  of  responses  to  different  frequencies  would  elucidate 
the  basic  differences  in  the  importance  of  these  mechanisms. 


Fig.  228.   Responses  of  jellyfish  (Rhopallia)  to  repetitive  stimuli,  intervals  between 
separate  stimuli  given  in  seconds.   Bullock."" 

MULTIPLE  INNERVATION;  SUMMATION  AND  INHIBITION 

Many  muscles  receive  dual  or  multiple  inner\'ation.  In  some  the  two 
inner\'ations  are  antagonistic.  The  x'crtebrate  heart,  blood  vessels,  and  vis- 
ceral muscles  are  innervated  from  the  antagonistic  sympathetic  and  para- 
sympathetic systems.  Here  one  system  is  excitatory,  the  other  inhibitory. 
The  intestine  is  made  to  contract  by  parasympathetic  and  to  relax  by  sym- 
pathetic impulses;  the  systemic  arteries  are  aflfected  oppositely.  The  retrac- 
tor penis  is  contracted  bv  a  nerve  of  svmpathetic  origin  and  relaxed  by 
the  nervus  erigens  arising  in  the  sacral  cord.  A  given  tvpe  of  nerve  fiber 
may  be  excitatory  for  one  muscle  and  inhibitory  for  another.  The  effects 
may  even  be  reversed  by  appropriate  drugs;  hence  the  state  of  the  effector 
cells  may  decide  the  nature  of  the  nervous  effect. 

Another  type  of  multiple  inner\'ation  is  found  where  two  excitatory 
(motor)  fibers  go  to  a  single  muscle  fiber.  There  js  evidence^^*^'  ^^^^  indi- 
cating that  some  skeletal  muscles  of  the  frog  also  have,  in  addition  to  nor- 
mal motor  innervation,  innervation  by  small  nerve  fibers  which  elicit  slower, 
smaller  responses.  Stimulation  of  the  large-diameter  (15  /x)  fibers  sets  up 
propagated    impulses    and    fast     all-or-none    twitches.      Stimulation    of    the 
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smaller  (5  /x)  nerve  fibers  elicits  local  graded  potentials,  called  small-fiber 
junctional  potentials,  which  summate  on  repetitive  stimulation  and  may  be 
accompanied  by  local  low-tension  contractions,  10-15  per  cent  of  twitch 
tension  in  magnitude  (Fig.  229).  The  slow  contractions  may  relax  very 
slowly,  but  interposition  of  a  twitch  response,  when  repetitive  stimulation 
of  the  slow  nerve  fiber  has  stopped,  results  in  rapid  relaxation.  The  slow 
contraction  develops  tension  faster  with  high  frequency  than  with  low  fre- 
quency stimulation.  Whether  one  muscle  fiber  receives  both  types  of  in- 
nervation is  not  yet  certain,  but  the  net  effect  of  the  two  types  of  fiber  is 
peripheral  gradation  of  response,  the  slow  response  being  "tonic"  in  character. 
In  mammalian  striated  muscle,  small  motor  nerve  fibers  activate  intrafusal 
muscle  fibers  and  so  regulate  the  afferent  discharge  originating  in  sensory 
spindles  (Ch.  14). 

The  most  studied  examples  of  multiple  motor  innervation  are  in  arthro- 
pods. Early  histological  studies^"'"'  ^-^  showed  that  whole  muscles  in  many 
crustaceans  and  insects  are  innervated  by  only  two  (or  a  few)  axons  and 
that  each  muscle  fiber  has  multiple  innervation;  i.e.,  each  muscle  fiber  re- 


Fig.  229.  Response  of  frog  muscle  to  stimulation  of  large  and  small  fibers.  Action 
potential  from  gastrocnemius,  progressive  pressure  block  to  sciatic:  1,  partial  block, 
threshold  nerve  stimulation,  only  spike  response;  2,  increased  strength,  spike  followed 
by  small  junction  potential;  3,  pressure  increased,  stimulus  as  in  2,  only  small  junction 
potential  remains.   From  Kuffler  and  Gerard. ^^" 


ceives  branches  from  two  or  more  nerve  fibers,  often  from  each  of  the 
motor  fibers  to  the  muscle.  Triple  innervation  of  claw  muscles  is  common 
among  crustaceans,' ''  and  even  quintuple  innervation  has  been  seen  in  a 
muscle  of  the  leg  of  Panulinis}'^^  It  is  likely  that  multiple  innervation  of 
single  fibers  and  innervation  of  all  the  fibers  of  a  muscle  by  the  same  axon 
is  a  general  rule  among  higher  crustaceans  and  insects. 

Crustacean  neuromuscular  systems  have  several  properties  which  are 
related  to  their  multiple  innervation.  First,  a  single  strong  shock  applied  to 
a  crustacean  nerve  sometimes  elicits  repetitive  discharges  in  the  nerve.^" 
This  repetitive  response  depends  on  the  calcium  in  the  medium  bathing  the 
nerve. '^^  Second,  neuromuscular  facilitation  is  marked  with  some  motor 
fibers,  the  contraction  increasing  in  amplitude  and  rate  of  rise  of  tension 
with  increasing  frequency  (Fig.  226).  In  addition,  stimulation  of  some 
motor  axons  elicits  a  large  fast  contraction,  whereas  other  motor  axons  elicit 
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much  slower  development  of  tension.  Finally,  each  muscle  receives  one  or 
more  motor  (exciting)  axons  and  usually  receives  one  inhibiting  axon,  the 
nature  of  the  inhibition  differing  according  to  whether  the  contraction  is 
"fast"  or  "slow."  Thus,  in  contrast  to  the  vertebrates,  which  grade  movement 
mostly  in  the  spinal  cord,  the  arthropods  show  much  control  of  gradation 
at  neuromuscular  junctions.    A  crab  "thinks  in  its  claws." 

Pantin^^^'  ^^'^  analyzed  the  effects  of  frequency,  duration,  and  intensity 
of  stimuli  to  the  nerve  on  responses  of  walking  leg  muscles  (largely  flexors 
of  the  dactylopodite)  in  the  crabs  Maja  and  Carcinus.  At  low  frequencies 
there  was  little  or  no  response  to  a  single  shock,  a  grealci  iv-oponse  after 
several  shocks  (Fig.  226).  With  intensities  just  above  threshold  most  units 
were  brought  into  action  at  60-100  shocks  per  second,  and  a  maximum  re- 
sponse occurred  at  300  per  second.  If  the  frequency  or  intensity  were  in- 
creased abruptly  by  10  to  20  times  threshold,  or  if  single  strong  shocks  were 
inserted  in  a  series  of  weak  ones,  the  rate  and  height  of  contraction  increased; 
i.e.,  a  quick  response  occurred  and  the  muscle  continued  to  respond  at  the 
new  height  even  though  the  stimuli  returned  to  the  original  rate.-^"  Pantin 
contended  that  such  a  quick  response  was  due  to  repetitive  nerve  impulses 
started  by  the  interposed  stronger  stimulus.  This  would  make  for  economy, 
as  a  few  extra  impulses  from  the  nervous  system  on  a  low  frequency  back- 
ground could  change  the  response  from  the  slow  to  the  fast  type.  The  order 
of  threshold  excitability  is  as  follows:  excitor  of  extensor,  inhibitor  of  ex- 
tensor and  excitor  of  flexor,  and  finally  inhibitor  of  flexor. 

The  functions  of  the  different  nerve  fibers  going  to  various  muscles  in 
many  species  have  been  analyzed  in  detail  by  Wiersma  and  his  collaborators, 
particularly  van  Harreveld  and  Marmont  (summary  by  Wiersma--*^).  It 
had  been  shown  earlier^^*"''  ^^-^  that  the  claw  nerve  of  several  crustaceans 
could  be  split  into  two  bundles:  one  containing  the  large  motor  fiber  caused 
contraction  of  the  adductor  and  inhibition  of  the  abductor,  the  other  bundle 
containing  the  smaller  fibers  had  the  opposite  effect.  Wiersma  and  his  as- 
sociates traced  the  course  of  individual  fibers  by  methylene  blue  staining 
and  identified  their  action  by  stimulating  the  separate  nerve  fibers  and  re- 
cording contractions  and  muscle  action  potentials. 

The  variation  in  pattern  of  nerve  fiber  distribution  among  different  spe- 
cies and  in  diflrerent  muscles  of  one  species  is  remarkable.  Some  muscles 
receive  one  excitatory  and  one  inhibitory  fiber;  the  walking  leg  muscles 
studied  by  Pantin  are  examples.  Other  muscles  receive  two  excitor  fibers 
and  one  inhibitor.^^"^  The  larger  motor  fiber  causes  a  contraction  of  short 
latency,  rapid  shortening,  and  high  tension;  this  response  includes  an  action 
potential  which  appears  directly  with  stimulation,  and  shows  little  facilita- 
tion. Stimulation  of  the  second  or  intermediate  size  fibers  causes  a  contrac- 
tion which  builds  up  slowly  so  that  there  is  an  apparent  long  latency,  marked 
facilitation,  and  low  tension;  muscle  action  potentials  recorded  through 
holes  in  the  shell  are  small,  may  not  appear  until  after  several  stimuli  in  a 
series,  and .  facilitate  greatly.  Fatigue  of  the  slow  system  does  not  at  the 
same  time  fatigue  the  fast  system.  Stimulation  of  the  third,  usually  smallest, 
fiber  inhibits  the  response  to  the  motor  fibers  and  is  more  effective  against 
the  slow  than  against  the   fast  contraction   (Fig.   230).    During  complete 
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inhibition  no  contraction  occurs,  but  facilitation  may  continue  to  be  built 
up  as  shown  on  release  from  inhibition. 

The  inhibitory  fiber  alone  causes  no  observable  electrical  response  in  the 
muscle.  When  both  slow  excitor  and  inhibitor  fibers  are  being  stimulated 
repetitively  (slow  excitor  as  in  crayfish  abductor)  the  inhibitor  fiber  may 
cause  diminution  of  both  contraction  and  action  potential  if  its  impulses  ar- 
rive less  than  10  msec,  (maximum  2-4  msec.)  before  the  excitor  impulses 
(supplemental  or  electrical  inhibition);  or  the  inhibitor  may  cause  reduction 
of  contraction  only,  if  its  impulse  precedes  the  excitor  impulses  by  longer 
times  or  arrives  simultaneously  (simple  or  mechanical  inhibition).^^- 

The  distinction  between  fast  and  slow  responses  is  quantitative.  The  op- 
timum frequency  in  the  slow  fiber  is  lower  than  in  the  fast.  At  low  frequen- 
cies (40-50/sec.)  the  difference  in  response  between  the  two  fibers  is  slight, 
but  at  high  frequencies  (over  100/sec.)  the  fast  contraction  is  greater. 22»  The 
difference  between  the  fast  and  slow  contraction  of  the  same  muscle  de- 
creases in  the  genus  series:  Camharus  >  Randallia  >  Blepharipoda  ^Can- 
cer, so  that  in  Cancer  there  is  little  difference  between  the  two  except  in 
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Fig.  230.  Inhibition  of  slow  contraction  (A)  and  of  the  fast  contraction  (B).  Records 
from  top  downward  are  myogram,  motor  stimulus,  timer  (seconds),  and  inhibitor 
stimulus.  Note  greater  inhibition  of  slow  contraction,  postinhibitory  facilitation  of  fast 
contraction  (from  v.  Harreveld  &  Wiersma^"). 

latency. ^-'''  ^^°  The  flexor  of  the  carpopodite  of  Panulirus  has  five  axons: 
four  exciters  and  one  inhibitor. ^^"^  The  amount  of  facilitation  required  to 
elicit  a  contraction  varies  with  the  species.  The  ratio  of  optimum  inhibitory 
to  excitatory  frequencies  is  fairly  constant  for  a  given  muscle  system.^-^  For 
example,  in  the  slow  bender  of  Pachygrapsiis  three  excitor  impulses  are  sup- 
pressed by  one  inhibitor,  in  the  slow  closer  response  of  Camharus  one  excitor 
requires  three  inhibitor  impulses,  whereas  the  fast  closers  of  these  species  re- 
spond to  single  excitor  impulses  and  are  not  inhibited.  In  several  instances 
one  herve  axon,  either  excitor  or  inhibitor,  serves  two  muscles.  Often  inner- 
vation is  not  reciprocal,  and  it  is  difficult  to  understand  the  function  of  the 
inhibitors.''^^ 
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Wiersma  and  his  associates  found  that  the  branching  of  axon  terminations 
on  crustacean  muscle  is  extensive,  forming  a  sort  of  network."*'  They  postu- 
lated that  conduction  in  the  muscle  is  entirely  by  the  nerve  elements  and 
that  within  each  muscle  fiber  there  are  separate  contractile  systems  each  ac- 
tivated by  its  own  nerve  fiber.  Inhibition  is  most  effective  oh  slow  contrac- 
ti(ms  and  can  act  either  between  nerve  impulse  and  muscle  potential  or  be- 
tween muscle  potential  and  contraction. 

Evidence  for  a  different  interpretation  of  the  fast  and  slow  systems  has 
been  presented  by  Katz  and  Kuffler.'^"-  ^^■*  A  muscle  consisting  of  many 
parallel  fibers  (extensor  of  carpopodite  in  crab  or  crayfish)  was  exposed  and 
stimulated  directly;  simple  diphasic  impulses  which  were  propagated  as  in 


Fig.  231.  Electrical  responses  from  extensor  of  carpopodiie  of  crab  to  paired  shocks. 
Interval  between  stimuli  to  fast  axon  successively  from  above  24,  12,  9.6,  8,  6.4,  and  4.8 
sec.  End-plate  jxjtentials  to  second  shock  show  summation  and  propagated  spike  appears 
in  lower  3  records.   From  Katz  and  Kuffler."" 


vertebrate  skeletal  muscle  were  recorded.  In  other  preparations  some  nerve 
branches  were  cut,  leaving  isolated  branches  intact;  when  the  nerve  was  then 
stimulated  and  a  recording  electrode  moved  about  on  the  muscle,  local  nega- 
tive potentials  with  all  of  the  properties  of  the  vertebrate  end-plate  potentials 
(e.p.p.'s)  were  observed  (Fig.  231).  The  fast  system  has  large  e.p.p.'s  which 
give  rise  to  conducted  muscle  spikes;  the  "fast"  e.p.p.'s  show  little  facilitation. 
The  fast  system  fatigues  rapidly,  the  excitatory  process  falling  to  one  half 
in  5  msec.  The  "slow"  system,  on  the  other  hand,  has  small  e.p.p.'s  which 
show  much  facilitation;  at  frequencies  of  50  per  sec.,  for  example,  the  e.p.p. 
grows  to  3  times  its  initial  size,  and  at  150  per  sec.  the  e.p.p.  reaches  a  plateau 
5  to  10  times  that  at  50  per  sec.   At  low  frequencies  (lO/sec),  stimulation 
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of  the  slow  system  elicits  no  propagated  spikes  but  only  e.p.p.'s;  although 
as  the  frequency  increases  spikes  do  appear.  When  the  "fast"  system  is  stimu- 
lated, propagated  impulses  are  set  up  by  single  shocks  and  a  fast  "twitch" 
occurs.  When  the  "slow"  system  is  stimulated  at  low  frequencies,  only  local 
end-plate  potentials  are  recorded  and  local  contractions  occur,  facilitation  is 
marked;  the  e.p.p.  grows  as  impulses  arrive,  some  propagated  spikes  appear 
at  high  frequencies  and  the  contraction  grows  proportionately  more  than 
the  e.p.p.  The  e.p.p.'s  and  associated  local  contractions  are  more  important 
than  they  are  in  frog  muscle  because  of  the  much  greater  number  of  nerve 
endings,  and  the  sign  and  shape  of  a  potential  recorded  from  the  muscle 
surface  depends  on  the  orientation  of  the  active  recording  electrode  with 
respect  to  the  loci  of  the  e.p.p.'s.  Stimulation  of  an  inhibitory  axon'^*^  has 
two  effects:  (1)  reduction  in  the  e.p.p.  and  consequent  suppression  of  spikes 
and  local  contractions,  the  inhibitory  state  persisting  20-25  msec,  and  (2) 
abolition  of  the  local  mechanical  response  without  affecting  the  e.p.p.  Once 
a  propagated  impulse  is  started  there  can  be  neither  electrical  nor  mechanical 
inhibition.  The  electrical  inhibition  resembles  the  action  of  curare  in  re- 
ducing e.p.p.'s  of  frog  muscle.  The  mechanical  inhibition  can  summate  even 
at  frequencies  as  low  as  10  per  second. 

The  motor  axons  differ  in  the  size  of  e.p.p.  produced  and  in  facilitation. 
It  can  be  postulated  that  the  "fast"  and  "slow"  fibers  liberate  different  amounts 
of  "exciting"  transmitter;  however,  all  attempts  to  identify  chemical  mediators 
in  crustacean  neuromuscular  systems  have  failed  (see  p.  614).  A  modified 
schematic  representation"-"'  '-'^^  of  the  transmission  system  follows: 

Motor  Impulse 


"Slow"   fiber 


"Fast"  fiber 


Electrical 
Inhibition 


Muscular 
Inhibition 


"local" 

contraction 


much 

facilitation 


no  facilitation 
e.p.p.    large 


propagated  spike 
"Twitch     contraction 


Inhibition  is  indicated  by  blocks;  broken  lines  indicate  that  in  many  muscles 
the  "fast"  and  "slow"  responses  intergrade  according  to  frequency  of  stimula- 
tion. 
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The  efficiency  of  this  complicated  neuromuscular  system  is  high.  Bronk^"* 
showed  that  the  efficiency  in  terms  of  tension  developed  for  heat  produced  in- 
creases as  stimulation  continues.  The  slow  system  is  more  efficient  than  the 
fast  one  in  that  its  ratio  of  heat  to  mechanical  work  is  lower.'^^  Only  a  few 
impulses  need  leave  the  nervous  system  to  maintain  contraction,  and  a  shift 
in  nerve  fiber  or  a  slight  change  in  frequency  from  the  nervous  system 
changes  the  whole  character  of  the  muscular  response. 

Multiple  innervation  of  muscles  occurs  also  in  insects. ''•'•  ''■'-  One  of  the 
nerve  fibers  going  to  a  leg  muscle  in  a  cockroach  causes  a  tonic  (slow)  con- 
traction; it  discharges,  when  attached  to  the  nervous  system,  at  30/sec.,  whereas 
the  other  shows  reflex  bursts  of  large  spikes  at  75/sec.  and  causes  a  quick 
high-level  contraction.''"  The  slow  system  shows  much  facilitation,  the  fast 
system  little  or  none.  No  inhibitors  were  found  in  the  cockroach  but  there 
is  evidence  for  {peripheral  inhibition  in  leg  muscles  in  Dixippus.^^^ 

In  the  clam  Mya  arenar'ia,  the  adductor  muscles  and  mantle  retractor  mus- 
cles receive  two  types  of  nerve  fiber.  "*^  One  type  discharges  reflexly  at  high 
frequency  and  causes  rapid  contractions;  the  other  discharges  slowly  and 
causes  a  prolonged  tonic  type  of  contraction  with  low  potential  electrical  re- 
sponse. Such  a  system  is  efficient  when  a  low  level  of  contraction  must  be 
maintained  and  occasional  quick  contractions  superposed.  The  retractor  of 
the  buccal  mass  of  Helix  appears  not  to  be  doubly  innervated.^'*"  In  Pecten 
the  adductor  muscle  is  composed  of  a  striated  portion  for  rapid  swimming 
movements  and  a  smooth  portion  for  maintained  contraction.''**  During  swim- 
ming the  smooth  muscle  is  inhibited  and  part  of  this  inhibition  may  be  pe- 
ripheral.-^^ No  evidence  is  available  as  to  whether  multiple  innervation  exists 
among  annelids  or  echinoderms. 

As  comparative  studies  of  neuromuscular  junctions  are  extended,  it  be- 
comes apparent  that  these  junctions  serve  many  of  the  functions  usually 
ascribed  in  vertebrates  to  the  synapses  of  the  central  nervous  system. 

RELAXATION  RATES  AND  TONUS; 
MECHANICAL  PROPERTIES  OF  MUSCLE 

The  preceding  sections  show  that  muscles  diffei  in  their  time  constants 
of  contraction  and  in  their  dependence  on  neuromuscular  facilitation  and 
inhibition.  Muscles  diflfer  also  in  rates  of  relaxation  and  in  maintenance  of 
tension.  Table  71  shows  that  relaxation  times  differ  more  than  do  contrac- 
tion times  and  that  a  muscle  can  contract  fairly  rapidly  and  relax  extremely 
slowly  (e.g.,  clam  adductor).  Contraction  and  relaxation  are  active  processes, 
both  requiring  energv;  vet  the  rates  of  contraction  and  relaxation  are  de- 
termined in  part  by  the  mechanical  properties  of  the  muscle  as  a  whole- 
connective  tissue  elements,  sarcolemma,  and  muscle  proteins.  These  mechani- 
cal properties,  particularly  those  of  the  contractile  proteins,  change  during 
contraction.  To  what  extent  can  differences  in  relaxation  and  maintenance 
of  tension  be  accounted  for  by  mechanical  properties  of  muscle? 

Tonus  is  the  maintenance  of  tension  under  extension,  or  change  in  length 
without  change  in  tension.  It  has  been  attributed  to:  (1)  the  mechanical 
"set"  of  contractile  elements,  (2)  continued  nervous  bombardment,  and 
(3)  continued  stimulation  by  chemical  agents. 
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The  mechanical  properties  of  muscle  have  been  studied  by  stretching  and 
releasing  under  different  conditions.  Muscles  have  properties  of  viscous  and 
of  elastic  bodies.  When  vertebrate  striated  muscle  is  stretched  it  develops 
elastic  tension,  and  when  the  stretching  force  is  removed  the  muscle  returns 
rapidlv  to  its  initial  length;  its  "viscosity"  is  low.  When  visceral  short-hbered 
smooth  muscle  is  similarly  stretched  it  lengthens  rapidly  at  hrst,  then  more 
slowly;  it  shows  an  initial  elastic  tension  which  falls  off  as  the  stretch  con- 
tinues; smooth  muscle  behaves  as  a  plastic  viscous  body.  According  to  Win- 
ton--*" '  smooth  muscle  can  be  represented  by  a  model  of  three  phases:  pure 
elastic  as  a  coiled  spring,  viscous-elastic  as  a  spring  damped  in  oil,  and  pure 
viscous  as  \'anes  in  oil.  Striated  muscle  can  be  represented  by  the  first  two 
of  these  phases.  Muscles  differ  in  the  proportionate  effectiveness  of  their 
elastic  and  viscous  phases. 

Vertebrate  striated  muscle  de\'elops  elastic  tension  when  stretched;  in 
addition  it  may  develop  tonus  reflexly,  i.e.,  initiated  via  the  central  nervous 
system  bv  stimulation  of  stretch  receptors  within  the  muscle.    Its  tone  results 
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Fis-  2H2.  Tension  curves  of  snail  retractor  pharynx.  In  each  curve  the  muscle  was 
first  stimulated,  then  after  relaxation  it  was  stretched  by  about  10  per  cent  of  its  length 
and  then  released.  A,  in  air;  B,  in  air  and  6  per  cent  COj.  Time  in  seconds  in  each.  Note 
.similarity  of  rela.xation  and  release  of  tension.    From  Bozler.''' 

from  continued  discharge  of  motor  impulses  at  low  rates  in  a  variable  num- 
ber of  motor  units.  Relaxation  is  complete  when  such  nervous  discharge 
ceases.  In  insects  the  contracted  state  in  death  feigning  results  from  con- 
tinued nervous  acti\it\.  That  there  is  some  "setting"  or  organization  of  me- 
chanical elements  in  striated  muscle  is  shown  by  the  observation^ ''-^  that,  if 
the  muscle  is  suddenly  either  released  or  stretched  during  continued  isometric 
contraction,  tension  is  again  developed  over  a  time  course  corresponding 
to  its  new  length.  The  tension  developed  by  an  excited  muscle  depends  on 
the  initial  length  of  that  muscle  and  is  maximal  at  the  resting  length. ^•'*^ 

Short-Hbered  smooth  muscle  is  sometimes  said  to  have  no  fixed  resting 
length.  The  tension  in  the  mammalian  bladder  and  in  the  gastral  cavity  of 
a  sea  a.ncmone,  in  the  coelom  of  Sipiincidus,  or  in  the  gill  cavity  of  an  as- 
cidian,  is  rclati\ely  constant,  whether  the  cavity  be  empty  or  full.  The  mus- 
cles are  stimulated   by  stretching.    Many  hearts   likewise  are  stimulated  to 
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contract  when  distended  (Ch.  15,  p.  547).  In  vivo  hormonal  agents,  par- 
ticularly acet\lcholine  and  adrcnin,  are  also  important  in  regulating  smooth 
muscle  tone.  Local,  non-conducted  impulses  from  a  "pacemaker"  region  may 
result  in  tonus  in  an  organ  such  as  the  uterus.-'- 

Between  these  two  extremes  of  striated  skeletal  and  the  smooth  muscle 
of  hollow  organs  are  many  muscles  in  which  rapid  rcHex  responses  may  be 
superimposed  upon  a  tonic  background  intrinsic  in  the  muscle.  Squid  chro- 
matophore  muscles,  for  example,  show  a  tonic  state  upon  which  twitches 
are  super]:)osed."''  Relaxation  curves  of  numerous  molluscan  and  mammalian 
smooth  muscles  are  similar  to  the  curves  of  release  of  tension  after  a  stretch 
(Fig.   232).^"-   ^'     However,    if   in    addition    the    muscle    develops    tonus   on 


Fig.  233.  Responses  ot  the  byssus  retractor  ot  Mytilus  to  stimulation  with  alternating 
current  and  direct  current.  A,  Three  contractions  in  response  to  stimulation  by  AC  (50 
cps)  for  10  sec.  each,  and  response  to  stimulation  by  DC  for  10  sec.  B,  Response  to  AC 
14  sec.  tor  each  minute.  C,  Response  to  DC  14  seconds  per  minute.  Note  delayed 
relaxation,  summation  with  DC,  fast  relaxation  and  fatigue  with  AC.    After  Winton.""*' 

Stretching,  the  relaxation  from  a  contraction  may  be  faster  than  release  of 
tension. ^■'*-  '"''  |ordan  and  his  students  in  many  papers,  summarized  by  Jor- 
dan,^'"' have  shown  that  tonus  in  the  molluscan  foot  is  in  part  a  response 
of  the  muscle  to  stretch  but  is  regulated  by  the  nervous  system.  It  is  sug- 
gested that  the  tonic  and  contractile  mechanisms  are  separate.  The  pedal 
ganglion  decreases  the  resistance  to  stretching  but  does  not  affect  the  con- 
tractility of  the  foot  to  an  electrical  stimulus,  whereas  the  presence  of  the 
cerebral  ganglion  is  said   to  increase  the  contractility  without  having   any 
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influence  on  tonus.  Similarly  in  holothurians  cutting  of  the  radial  nerves 
decreases  resistance  to  stretch. ^'^^  At  low  temperatures  resistance  to  stretch 
is  greater  than  it  is  at  high  temperatures  (Anodonta,^*^-^  He/ix^-^*').  If  it  is 
stimulated  during  the  gradual  loss  of  tension  while  stretched,  a  Helix  foot 
contracts  and  then  relaxes  to  the  level  it  would  have  reached  had  the  release 
of  tension  continued  uninterrupted. 

Increase  in  "viscosity"  as  judged  by  resistance  to  stretch  during  contraction 
and  during  chemically  induced  tonus  has  frequently  been  described.  A  strik- 
ing  alteration  in  "viscosity"  is  found  in  the  anterior  byssus  retractor  of  My- 
tiliis.-'-^'^-  -*-  This  muscle  lengthens  linearly  when  stretched.  When  stimu- 
lated with  alternating  current  (AC)  the  "viscosity"  is  reduced,  whereas 
after  stimulation  by  direct  current  (DC)  the  "viscosity"  is  raised  and  may 
remain  high  for  an  hour  or  two  (Fig.  233).  Intermittent  DC  lowers  the 
"viscosity"  when  the  current  flows  for  3/ small  part  of  a  cycle,  but  the  usual 
DC  value  is  approached  as  the  current  flows  a  larger  part  of  a  cycle.  AC 
causes  a  strong  contraction  followed  by  quick  relaxation,  and  brief  DC  pulses 
applied  every  minute  or  two  maintain  tension  with  practically  no  fatigue 
(Fig.  233).  It  is  suggested  that  the  maintained  tension  results  from  high 
"viscosity." 

In  most  bivalves  the  adductor  contains  a  translucent  soft  striated  portion 
which  contracts  and  relaxes  rapidly  and  fatigues  after  brief  contraction.  In 
Pecten  the  valve  hinge  is  elastic,  and  by  repeated  brief  contractions  the 
scallop  swims  through  the  water.  A  smaller  portion  of  the  adductor  is  opaque, 
tough,  smooth  muscle  which  can  remain  contracted  for  hours  or  days  with 
little  or  no  fatigue.  This  tonus  muscle  can  maintain  high  tensions,  as  shown 
by  Marceau^'^^  in  the  following  table: 

kg./cm.- 
Anodonta  cygnea  5.2 

Ostrea  edulis  12.0 

Venus  verrucosa  35.4 

Mytilus  edulis  11.3 

Pecten  maximus  8.5 

It  was  claimed  by  Parnas^'*''^  that  the  adductors  could  hold  great  weights  for 
hours  without  measurable  increase  in  O^  consumption,  but  Ritchie-*^'^  cal- 
culated that  the  methods  used  could  not  have  detected  an  increase  in  res- 
piration of  this  muscle.  Lactic  acid  does  increase  during  27-84  hours  of 
contraction."'*  If  the  visceral  nerve  of  Pecten  niaxivms  is  cut  while  the  ad- 
ductor is  contracted  the  muscle  remains  short  and  cannot  readily  be 
stretched;--*''  •^"  if  the  nerve  is  cut  while  the  muscle  is  relaxed,  stimulation 
of  the  slow  muscle  is  diflicult  but  causes  contraction,  after  which  relaxation 
may  be  more  rapid  than  when  the  nerve  is  intact.  If  Pecten  contracts  against 
a  block  of  wood  between  the  valves,  the  animal  holds  this  position  when  the 
wood  is  withdrawn;  the  muscle  resists  stretching  although  the  valves  can  be 
pushed  together.  Stimulation  of  some  afferent  fibers  to  the  visceral  ganglion 
causes  contraction;  stimulation  of  others  causes  relaxation.  Without  nerve 
stimulation  relaxation  requires  many  hours.  A  stimulus  every  30  seconds 
keeps  Pecten  contracted,  an  economy  many  times  greater  than  that  in  frog 
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muscle.  Here  in  Pecten  is  a  combination  of  mechanical  "catch"  mechanism 
and  effectiveness  of  occasional  motor  impulses.  The  "catch"  mechanism  is 
turned  off  by  an  inhibitory  volley. 

Muscles  differ  greatly  in  their  ability  to  maintain  tension.  These  differences 
are  due  in  part  to  their  mechanical  properties  and  in  part  to  the  nature  of 
their  nervous  and  hormonal  control.  Measurements  of  mechanical  properties 
have  been  made  under  such  diverse  conditions  that  it  is  impossible  at  present 
to  arrange  muscles  in  any  logical  series  even  though  such  an  arrangement 
would  be  useful.  The  vague  term  "viscous-elastic  properties"  must  be  re- 
placed by  quantitative  data  regarding  the  mechanical  properties  of  connec- 
tive tissue  and  of  contractile  proteins.  A  comparative  study  of  the  mechanics 
of  muscle  might  be  a  most  valuable  approach  to  the  basic  problems  of  con- 
traction and  relaxation. 

RHYTHMICITY  AND  THE  EFFECTS  OF  DRUGS 

Not  only  do  muscles  differ  in  their  rates  of  contraction  and  relaxation, 
but  some  muscles  are  capable  of  maintaining  rhythmic  activity.  In  some 
hearts  the  rhythm  originates  in  muscular  tissue,  whereas  in  others  there  are 
nervous  pacemakers  (Ch.  15).  The  muscles  of  neurogenic  hearts  may  beat 
in  embryos  before  the  pacemaker  ganglia  develop.  The  origin  of  spontaneity 
in  rhythmic  muscles  is  sometimes  in  the  muscle  cells  and  sometimes  in  con- 
tained nerve  elements;  for  skeletal  muscles  the  rhythm  usually  originates  in 
the  central  nervous  system. 

Rhythmic  movements  such  as  breathing  and  locomotor  reflexes  require 
tetanic  trains  of  nerve  impulses  from  specific  nerve  centers.  Under  certain 
abnormal  conditions,  as  when  immersed  in  pure  NaCl  solution  or  in  cal- 
cium-precipitating agents  such  as  citrate,  striated  muscle  twitches  spontane- 
ously. A  deficiency  of  calcium  causes  a  tendency  toward  increased  excita- 
bility and  slowed  accommodation  (delayed  rise  in  threshold  during  stimu- 
lation).   Tetany  in  parathyroid  lack  is  accounted  for  on  this  basis. 

The  body  wall  of  many  tubular  animals  shows  spontaneous  rhythmic  move- 
ment. In  the  earthworm  the  normal  movements  of  crawling  are  reflex  in 
origin  (Ch.  23).  Spontaneous  contractions  have  been  seen,  however,  in 
strips  of  earthworm  body  wall  lacking  ventral  nerve  cord. 

In  holothurians  (Thyone)  the  cloacal  muscles  show  periods  of  rhythmic 
activity  initiated  from  the  nervous  system. *''^^  Similarly  in  coelenterates  gen- 
eral body  rhythms  are  responses  to  rhythmic  nerve  centers,  such  as  the 
"sense  organs"  of  medusae. 

Muscles  of  the  visceral  type  show  spontaneous  contractions  which  may 
occur  in  the  absence  of  nerve  cells.  In  embryos  the  amnionic  muscles,  like 
the  heart  muscle,  contract  rhythmically  without  innervation.  The  stomach 
and  intestinal  wall  of  mammals  contain  inner  circular  and  outer  longitudinal 
muscle  fibers;  between  them  is  the  myenteric  plexus  of  Auerbach  which 
is  connected  to  the  plexus  of  Meissner  in  the  submucosa.  Local  rhythmic 
contractions,  segmental  and  pendular  movements,  occur  in  intestinal  muscle 
when  the  nerve  plexuses  have  been  inactivated  by  nicotine  or  cocaine''^'  ^^^ 
and  in  circular  muscle  stripped  from  the  plexuses.^ ^"'  Part  of  the  electrical 
activity  of  intestinal  muscle  is  associated  with  contraction,  but  some  action 
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potentials  may  be  present  even  when  muscular  activity  is  negligible.--  ^  The 
rhythmic  contractions  are  superposed  on  a  background  of  tonus.  Conducted 
waves,  peristaltic  contractions,  are  local  reflexes  initiated  by  distention  and 
mediated  by  the  nerve  plexuses.  The  activity  of  the  intestine,  whether  myo- 
eenic  or  myenteric  reflex,  is  enhanced  by  acetylcholine  or  by  vagus  stimula- 
tion  and  is  diminished  bv  adrenalin  or  by  sympathetic  stimulation.  Atropine 
relaxes  and  pilocarpine  excites  the  gut.  Nicotine  in  low  concentrations  abol- 
ishes the  reflex  contractions.  Potassium  stimulates,  possibly  by  acetylcholine 
release;  calcium  has  the  reverse  eff^ect.'^  The  eff^ects  of  several  drugs  on  dif- 
ferent visceral  muscles  are  compared  in  Table  72. 

TABLE  72.  RESPONSES  OF  VISCERAL  MUSCLES  TO  DRUGS 

-{-  indicates  stimulation  (increased  amplitude  or  frequency,  or  both,  of  spontaneous 
contractionsj;  —  indicates  depression  of  activity;  and  0  indicates  no  effect. 


Preparation 

Acetylcholine 

Adrenalin 

Atropine 

Potassium 

Mammalian  intestine 

+ 





+ 

Mammalian  stomach 

+ 

— 

— 

Chicken  gizzard'"" 

—  freq.  -|-  ampl. 

— 

Teleost  stomach,  int."'"'  ^""'  ^■'" 

+ 

— 

— 

Elasmobranch"'  ^"^ 

stomach 

+ 

0 

spiral  valve,  rectum 

— 

Myxine  intest.  "' 

+ 

— 

— 

Dytiscus  foregut"''''  ^-' 

+ 

0 

+ 

Crayfish  intestine 

+ 
+ 

-f 

Daphnia  intestine'"' 

+ 

— 

Earthworm  crop"^^'  ''" 

+ 

+  dll. 
—  cone. 

— 

+ 

Earthworm  gut"''''  ™ 

+ 

— 

Arenicola  esophagus""'' 

+ 

+ 
-  (Buccal 
mass 

Aphrodite  pharynx^"' 

+ 

Sepia  rectum" 

0 

-  (high 
cone.) 

+ 

+ 

Sepia  stomach"" 

— 

-f 

Aplysia  crop'-' 

+ 

14olothurian  intestine'^"' 

+  (pilocarpine) 

+ 

In  the  uterus,  a  muscle  lacking  nerve  plexuses,  excitablHty  and  tonus  are 
low  and  spontaneity  is  rare  during  anoestrous,  but  activity  appears  in  oestrus 
and  after  injections  of  estrogens.  Uterine  muscle  shows  waves  of  electrical 
activity,  usually  originating  in  the  uterine  horns  and  possibly  conducted 
from  cell  to  cell  by  protoplasmic  bridges.^"''  ^"'  ^-  In  the  ureter  similar 
rhythmic  waves  originate  at  the  renal  end.  Peristaltic  contractions  of  the 
ureter  and  stomach  do  not  involve  nervous  elements  and  are  not  abolished 
by  high  concentrations  of  nicotine  and  cocaine."'-  Teleostean  fish  show  re- 
sponses of  the  intestine  similar  to  those  of  mammals,  adrenalin  and  atropine 
inhibiting  and  acetylcholine  accelerating  contractions.-"*-  In  elasmobranchs, 
however,  adrenalin  and  both  sympathetic  and  vagus  impulses  stimulate  the 
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stomach,  while  adrenalin  inhibits  the  spiral  valve  and  rectum,  structures 
which  are  stimulated  by  the  splanchnic  nerve.^"'''  Similarly  in  a  cyclostome, 
where  there  are  no  sympathetic  nerves,  the  vagus  has  no  effect  on  intestinal 
muscle,  but  atropine,  adrenalin,  and  nicotine  inhibit  contractions  initiated 
by  acetylcholine.""'  The  drug  effects  are  thus  not  dependent  on  sympathetic 
innervation. 

The  digestive  tracts  of  insects  and  crustaceans  contain  circular  and  longi- 
tudinal muscles  which  are  normally  active  in  digestion.  Spontaneous  rhythms 
in  the  crayfish  intestine  are  accelerated  by  dilute  solutions  of  either  acetyl- 
choline or  adrenalin  (Table  72).  Stimulation  of  the  abdominal  nerve  cord 
of  the  lobster  elicits  rhythmic  contractions  of  the  intact  intestine  and  anal 
muscles.'""  The  gut  muscles  of  the  honeybee  and  probably  of  many  other 
insects  are  striated.  The  cockroach  crop  and  gizzard  show  much  activity  in 
vivo,  the  gizzard  movements  stopping  when  the  hrst  thoracic  ganglia  are 
removed.-^*'  The  foregut  and  intestine  of  Dytisciis  beat  well  when  isolated 
in  saline;  acetylcholine,  nicotine,-'-'  and  potassium'-^  are  excitant,  adrenahn 
is  without  effect.-'" 

In  some  molluscs  adrenalin  increases  the  tone  and  normal  rhythm  (crop 
of  Aplysia,^-"^  rectum  of  Sepia^-^').  In  Helix  and  Aplysia  acetylcholine  and 
potassium  increase  tonic  activity  of  the  intestine,  but  the  Sepia  intestine  is 
insensitive  to  ACh  except  at  high  concentrations  which  lower  tonus  and 
stop  automatic  beats.'*- 

In  the  tube-dwehing  polychaete  Arenicola  the  proboscis  (extrovert)  con- 
sists of  buccal  mass,  pharynx  and  esophagus;  the  stomatogastric  nerve  plexus 
extends  over  the  pharynx  and  esophagus  and  connects  to  the  circumesopha- 
geal  ring  of  the  central  nervous  system.  A  variety  of  experiments--^^  show 
that  the  esophagus  is  a  pacemaker  region  from  which  rhythmic  bursts  arise 
at  intervals  of  about  6  minutes.  When  the  extrovert  remains  attached  to 
a  piece  of  the  body  wall  with  the  anterior  nerve  cord  intact,  the  body  wall 
shows  rhythmic  activity  so  long  as  the  nen'es  to  the  esophagus  are  intact. 
The  buccal  mass  can  show  small-amplitude  asynchronous  waves  when  re- 
moved from  the  esophagus;  this  activity  is  inhibited  by  adrenalin.  Esophageal 
contractions  and  those  induced  in  the  buccal  mass -and  body  wall  from  the 
esophageal  pacemaker  are  greatly  stimulated  by  adrenalin.  Acetylcholine 
also  stimulates  the  esophagus.  The  stomatogastric  nervous  system  apparently 
initiates  rhythmic  movements  of  the  entire  proboscis  region  including  body 
wall;  both  adrenaUn  and  ACh  stimulate  this  pacemaker.  In  the  free-swim- 
ming Glycera,  also,  waves  of  activity  originate  in  the  stomatogastric  system 
of  pharynx  and  esophagus,  but,  in  addition,  impulses  from  the  central  nerv- 
ous system  can  invade  the  buccal  tube  eliciting  a  different  rhythm.--^ 

In  holothurians  the  isolated  intestine  is  stimulated  by  adrenalin,  relaxed 
by  atropine.   Both  pilocarpine  and  physotigmine  cause  an  increase  in  tone.^^ 

Table  72  shows  that  only  in  the  muscles  of  gastrointestinal  tracts  of  verte- 
brates is  there  strict  antagonism  between   acetylcholine  and  adrenalin. 

Muscle  cells  in  general  have  an  inherent  spontaneity  of  movement.  How- 
ever, adult  muscles  rarely  manifest  spontaneity;  nervous  pacemakers  usually 
gain  control. 
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CHEMICAL  AGENTS  IN  NEUROMUSCULAR  TRANSMISSION 

There  are  two  hypotheses  of  neuromuscular  transmission:  one  states  that 
a  specific  agent  is  liberated  at  nerve  endings  as  a  muscle  excitant;  the  other 
postulates  that  junctional  transmission  is  electrical  and  that  a  chemical  agent 
is  concerned  equally  with  the  electrical  transmission  in  nerve  and  muscle. 

Activity  in  vertebrate  parasympathetic  nerves  is  associated  with  liberation 
of  acetylcholine  (ACh)  (Ch.  15,  p.  537),  at  their  terminations  in  heart 
and  blood  vessels,  and  activity  in  most  postganglionic  sympathetic  nerves  to 
these  structures  is  associated  with  liberation  of  sympathin  (possibly  identical 
with  adrenin,  Adr).  In  other  animal  groups  the  evidence  for  cholinergic 
(acetylcholine-liberating)  and  adrenergic  (adrenin-liberating)  nerves  to  the 
heart  is  not  conclusive.  There  is  presumptive  evidence  that  various  motor 
nerves  are  cholinergic,  adrenergic  and  tyraminic  (liberating  tyramine).  The 
distinction  between  cholinergic  and  adrenergic  nerves  is  not  rigorous,  and 
several  types  of  interaction  between  ACh  and  Adr  may  exist  (Ch.  23). 

Bacq^*'\  has  stated  criteria  for  identification  of  a  chofinergic  system:  (1) 
presence  of  ACh  in-  the  tissue,*  (2)  presence  of  cholinesterase  (ChE) 
(acetylchohnesterase)  in  the  tissue,  (3)  sensitivity  to  added  ACh,  (4)  po- 
tentiation of  ACh  and  of  nervous  action  by  anticholinesterases  such  as  ese- 
rine,  (5)  blocking  of  action  of  ACh  or  nerve  stimulation  by  atropine  or 
curare,  and  (6)  identification  of  ACh  in  perfusate  from  the  active  organ. 
Selected  data  for  these  criteria  in  neuromuscular  preparations  are  given  in 
Table  73. 

The  motor  nerves  in  vertebrate  striated  muscle  are  cholinergic.  Acetyl- 
choline and  acetylcholinesterase  (ChE)  are  present:  ChE  is  low  in  nerve- 
free  portions  of  muscle  and  is  maximal  in  regions  of  end-plates.  The  con- 
centration is  higher  in  lizard  muscle  than  in  frog  muscle,^^^  and  in  chickens 
the  ChE  increases  to  a  maximum  at  the  time  of  hatching  and  thereafter  de- 
clines.^'^^  It  has  been  calculated^'^^  that  enough  ChE  is  present  in  the  frog 
sartorius  to  spHt  1.6x10^  molecules  of  ACh  at  each  end-plate  during  the 
refractory  period  of  the  muscle.  It  is  calculated  that  the  output  of  acetyl- 
choHne  per  nerve  impulse  per  motor  end-plate  is  10""^°  /u,g,  or  1.4  X  10^ 
molecules,  which  is  1/30,000  of  that  needed  to  stimulate.^  Immersion  in 
solutions  of  ACh  causes  a  slow  maintained  contraction  (contracture),  and 
some  muscles,  such  as  the  frog  rectus  abdominis,  are  useful  for  bioassay 
of  ACh.  Close  intra-arterial  injection  of  small  amounts  of  ACh  causes  a 
twitch-like  response,**^-  ^^  as  do  local  ACh  applications  in  the  end-plate  region. 
The  sensitivity  to  ACh  is  1000  times  greater  at  the  end-plate  than  along  the 
fiber,  possibly  because  of  permeability  differences.^  In  perfusion  experiments 
ACh  has  been  identified  in  increasing  amounts  in  the  perfusate  when  the 
motor  nerve  to  a  muscle  has  been  stimulated.  Local  applications  of  ACh, 
like  motor  impulses,  set  up  a  local  potential  in  the  region  of  the  end-plate, 
and  muscle  impulses  arise  from  this  potential;  eserine  prolongs  the  e.p.p. 
Eserine  prolongs  the  summation  interval  for  neuromuscular  transmission, 
and  causes  repeated  contractions  in  response  to  a  single  motor  volley,  an  effect 

*  Acetylcholine  is  normally  bound  to  protein  in  excitable  tissues;  free  acetylcholine 
appears  to  increase  on  stimulation  and  on  standing  in  excised  tissues.  Determinations 
of  ACh  are  not  always  comparable  in  that  they  may  not  distinguish  bound  and  free  ACh. 
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abolished  by  atropine.'^^'  Calcium  is  apparently  necessary  for  ACh  liberation.«o 
Curare  permits  continued  liberation  of  ACh  at  the  motor  nerve  endings  but 
prevents  its  depolarizing  action,  presumably  by  combining  with  the  chemical 
receptor  substances  at  the  end-plate."^  Depolarization  by  ACh,  nicotine,  and 
caffeine,  but  not  by  potassium,  can  be  antagonized  by  curare.  The  trans- 
mission in  vertebrate  muscle  can  be  summarized  as  follows: 

curare 

I 
motor  ner\'e  impulse      >-         junctional  transmitter  >- 


(acetylcholine  liberation) 
end-plate   potential    >-    muscle    impulse    )-    all-or-none-twitch 

i 

local  contraction 

An  alternative  theory^"-  '^^-  ^^■^-  ^"•''"  is  that  acetylcholine  is  concerned  in 
electrical  propagation,  that  the  nerve  action  potential  is  the  junctional  trans- 
mitter, and  that  the  acetylcholine  obtained  in  perfusion  comes  from  the  sole 
plate  of  the  muscle  rather  than  from  the  nerve  endings.  This  theory  is  sup- 
ported by  the  distance  from  nerve  ending  to  sole  plate  (Fig.  235),  by  the 
low  permeability  of  the  muscle  fiber  to  acetylcholine  except  at  the  region 
of  the  end-plate,  and  by  evidence  that  acetylcholine  is  concerned  in  nerve 
conduction  (Ch.  23).  Many  of  these  facts  can  be  accounted  for  by  the  elec- 
trical theory  as  well  as  by  the  chemical  transmitter  theory.  Whatever  its 
origin  in  perfusion  experiments,  there  is  little  doubt  that  ACh  is  an  important 
component  in  the  transmission  mechanism. 

Many  vertebrate  smooth  muscles  are  innervated  by  adrenergic  postgan- 
glionic sympathetic  fibers.  Adrenalin  (or  adrenin)  causes  responses  similar 
to  those  produced  by  sympathetic  stimulation.  The  adrenin-like  mediator 
can  be  identified  in  the  blood,  coming  from  a  region  of  sympathetic  dis- 
charge.*'^ The  action  both  of  the  mediator  and  of  adrenalin  is  antagonized 
by  ergotoxin.  The  mediator  liberated  in  structures  which  are  inhibited  by 
the  sympathetics  differs  quantitatively  in  its  effects  on  test  muscles  from  that 
liberated  in  structures  which  are  excited,  and  the  inhibitory  agent  may  be 
adrenin,  the  excitatory  agent  nor-adrenin.^^  There  is  good  evidence  that  the 
nerves  eliciting  contraction  of  pupil  constrictors  are  cholinergic. 

The  evidence  regarding  chemical  mediation  at  motor  nerve  endings  in 
invertebrate  animals  is  inadequate.  Acetylcholine  liberation  in  muscle  is  es- 
tablished only  for  annelids  and  sipunculoids,  is  indicated  in  molluscs  and 
echinoderms,  and  is  unlikely  in  arthropods  and  coelenterates.^'^ 

The  most  convincing  evidence  for  cholinergic  motor  nerves  is  found  among 
annelid  and  sipunculoid  worms.  The  muscles  of  many  worms  of  these  groups 
contain  ACh  and  ChE  (Table  73).  The  body  wall  muscle  is  stimulated  to 
contract  by  acetylcholine,  and  sensitivity  is  increased  by  eserine.  Sensitivity 
is  great  (10~"),  even  without  eserine,  and  body  wall  muscles  of  the  leeches 
Hiriido  and  PontohdeUa  have  been  used  in  bioassay.  The  action  of  ACh 
antagonists  should  be  investigated  further.  It  has  been  reported  that  nerve 
activation  is  paralyzed  by  curare  in  Hirudo  (but  not  in  Lumbriciis'),  by  B- 
erythroidine  in  Lumhricus,  and  by  atropine  in  Sipimculus  and  Aphrodite. 
Nicotine  abolishes  the  direct  effect  of  ACh  on  the  earthworm  body  wall.-'^'-' 
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Summation  of  contractile  response  of  the  earthworm  body  wall  to  repetitive 
electrical  stimulation  is  increased  by  eserine.^^  Eserine  increases  the  muscular 
responses  of  Sip^lnc^^lus,  Hirudo,  Arenicola,  Aphrodite,  and  Lumhricus  to 
stimulation  of  the  nerve  cord.^^'  ~"  No  such  effect  was  observed  when  eserine 
was  applied  to  the  nerve  cord  alone,  but  in  perfusion  experiments  it  appeared 
that  the  leech  body  wall  liberated  ACh  when  the  nerve  cord  was  stimulated. 

The  visceral  muscles  of  annelids  are  spontaneously  rhythmic.  In  earth- 
worm crop-gizzard  preparations  the  wave  of  contraction  usually  originates 
in  the  crop;  this  preparation  is  stimulated  and  tone  increased  by  acetylcholine 
(lO'^-lO'^'^  without  eserine  and  10'^^  with  eserine ).^'*'^  If  cooled,  spontan- 
eity is  abolished,  but  acetylcholine  still  causes  contraction.^  The  stimulating 
action  of  ACh  is  antagonized  by  atropine;  adrenalin  augments  the  activity 
when  dilute  (10"'^)  and  depresses  at  higher  concentrations  (10"^).  Stimula- 
tion of  the  ventral  nerve  cord  inhibits  the  crop-gizzard  activity,  an  effect  an- 
tagonized by  ergotoxin;  stimulation  of  the  pharyngeal  commissures  excites, 
an  effect  antagonized  by  atropine.-^^  Potassium  enhances  and  calcium  in- 
hibits the  visceral  rhythm.  An  active  crop-gizzard  preparation  liberates  into 
a  perfusate  a  substance  which  induces  ACh-Hke  contractions  in  a  test  prepa- 
ration.^ Antagonistic  cholinergic  and  adrenergic  control,  as  in  mammals,  is 
therefore,   indicated  for  the  earthworm  crop-gizzard. 

In  the  echinoderms  as  in  annelids  there  is  evidence  for  cholinergic  motor 
systems.  The  longitudinal  retractors  of  holothurians  contain  ACh  and  are 
rich  in  ChE,  as  are  muscles  from  Echinus  and  Asterias}^  In  the  holothurian 
Stichopiis  the  longitudinal  muscles  are  sensitive  to  ACh,  responding  to  dilu- 
tions of  10~'  without  eserine  and  to  dilutions  of  10~"  after  eserine,  and 
this  muscle  has  been  used  in  bioassay,^'^  as  has  also  Thy  one  muscle. '^°  Re- 
sponse to  direct  stimulation  of  the  holothurian  longitudinal  retractor  mus- 
cles, nerve  elements  included,  is  potentiated  by  eserine  and  prevented  by 
atropine,  and  stimulation  liberates  into  a  perfusion  bath  a  substance  which 
has  the  properties  of  ACh.^'^  Curare  blocks  conducted  responses  in  Thyone 
retractor  muscles  and  prevents  spontaneous  contractions. "°  Holothurian  mus- 
cles are  excited  by  low  concentrations  of  adrenalin  and  tyramine.^^-  ^^ 

In  molluscs  much  acetylcholine  is  found  in  nerve  and  muscle,  for  example, 
in  Aplysia  foot  and  Sepia  mantle  (Table  73).^"  Cholinesterase  is  also  present 
in  Sepia  mantle.-^  The  muscular  responses  to  ACh  differ  among  various 
species.  The  slow  adductor  muscle  of  Pecten  is  not  stimulated  bv  ACh,^*' 
whereas  the  retractor  muscle  of  the  buccal  mass  in  Helix  does  respond  to  the 
drug.^'"'  Eserine  fails  to  potentiate  the  response  of  the  foot  and  siphon  mus- 
cles of  Buccinium  and  Mya  and  the  response  of  the  mantle  of  Eledone  to 
nerve  stimulation.  However  the  cephalopod  mantle  is  sensitive  to  ACh,  and 
denervation  greatly  increases  the  sensitivity  as  it  does  in  many  vertebrate 
tissues.  Bacq^^  perfused  the  mantle  of  Eledone  with  eserinized  saline;  the 
outflowing  perfusate  contained  an  ACh-like  substance,  but  stimulation  of 
the  mantle  nerve  did  hot  increase  its  concentration  in  the  perfusate. 

It  is  possible  that  some  nerves  in  cephalopods  liberate  tyramine.  The  sali- 
vary glands  contain  tyramine  and  histamine.^"  The  perfused  stomach  of 
Sepia  shows  spontaneous  contractions  which  are  inhibited  by  ACh  10"^  and 
stimulated  by  tyramine  and  histamine   10"*'  and  by  Adr   10'^.^--    Cocaine 
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increases  the  effect  of  adrenalin,  has  no  effect  on  the  action  of  histamine, 
and  abolishes  the  action  of  tyramine.  Nervous  stimulation  augments  stomach 
movement,  an  effect  abolished  by  cocaine,  and  when  the  entire  animal  is 
perfused,  stimulation  of  visceral,  branchial,  and  other  nerves  causes  the  ap- 
pearance in  the  perfusate  of  something  resembling  tyramine.-"  Neuromus- 
cular transmission  in  cephalopods  merits  further  investigation. 

There  is  inconclusive  evidence  for  cholinergic  systems  in  flatworms  (Ne- 
merteans  and  Platyhelminthes);  the  concentration  of  ChE  in  mixed  muscle, 
nerve,  and  other  tissue  is  strikingly  high  (Table  73).  Strips  of  Cerehratiilus 
muscle  are  unresponsive  to  ACh  alone,  but  after  eserine  they  respond  to  ACh 

5  X  lO-^^^'' 

Evidence  points  against  cholinergic  systems  in  ascidians,  crustaceans,  and 
coelenterates.  Extraction  of  the  ascidians  Ciena  and  Phallusia  failed  to  show 
measurable  ACh  and  showed  httle  ChE  (Table  73).  The  mantle  muscle  of 
Cynthia  is  stimulated  by  ACh  but  the  response  is  not  potentiated  by  ese- 
rine.^^ 

In  Crustacea  the  nerves,  particularly  in  the  central  nervous  system,  are 
rich  in  ACh.  Muscles  in  Crustacea  have  no  ACh  but  do  contain  some  ChE 
(Table  73).  Crustacean  muscle  is  insensitive  to  ACh,  eserine,  and  curare.^*'- 
89.  138,  93  Careful  testing  of  the  effects  of  many  drugs  and  ions  on  neuro- 
muscular transmission  failed  to  provide  any  evidence  in  Crustacea  for  humo- 
ral transmission.  Tyramine  is  without  effect,^"*^  although  adrenaUn  in  high 
concentration  causes  contraction. ^^^  Crustacean  claws  should  be  well  adapted 
for  identifying  exciting  and  inhibiting  mediators,  but  no  one  has  yet  suc- 
ceeded in  such  identification.  Insect  muscles  are  insensitive  to  acetylchoHne, 
even  after  soaking  in  anticholinesterases. 

Among  coelenterates  ChE  was  found  in  Tiihularia,  Metridium,  and  Sa- 
gartia  but  not  in  any  regions  of  the  medusae  Cyanea  and  Aurelia,  and  not 
in  the  ctenophore  Mnemiopsis.^'^  Muscles  of  the  actinians  Calliactis  and 
Metridium  were  insensitive  to  ACh,  even  after  eserinization;  also  no  effect 
was  observed  with  eserine,  atropine,  curare,  and  adrenalin. ^^^'  ^°^  Contrac- 
tions of  medusae  were  also  unaffected  by  ACh  or  eserine. ^^  In  Calliactis, 
however,  tyramine  enhances  facilitation  by  3-4  times  in  84-90  minutes  and 
can  even  permit  a  response  to  single  shocks.  Extracts  of  this  anemone  yield 
a  substance,  perhaps  tyramine,  which  promotes  facilitation.-^'^  Cholines- 
terase  and  ACh  are  lacking  in  sponges. 

Table  73  mdicates  that  cholinergic  neuromuscular  systems  function  in  ver- 
tebrates, annelids,  and  echinoderms,  are  suggested  in  molluscs  and  flatworms, 
and  are  contraindicated  in  ascidians,  arthropods,  and  coelenterates.  Adrener- 
gic systems  have  been  demonstrated  only  in  vertebrr.ces,  and  tyraminic  sys- 
tems have  been  suggested  for  c  phalopods  and  coe'.interates. 

DISTRIBUTION  OF  PHOSPHAGENS 

The  energy  relations  and  the  biochemistry  of  muscles  other  than  of  ver- 
tebrate striated  muscles  are  poorly  known.  The  heat  liberation  by  vertebrate 
striated  muscle  has  been  carefully  studied  and  analyzed  as  heats  of  contrac- 
tion, relaxation,  and  recovery.  Except  for  crustacean  muscle,  no  useful  ther- 
mal data  are  available  for  other  muscles. 
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The  development  of  our  knowledge  regarding  the  chemistry  of  energy- 
yielding  reactions  in  muscle  is  one  of  the  most  fascinating  stories  in  modern 
biochemistry  and  is  discussed  extensively  in  most  physiology  and  biochem- 
istry texts.--"  It  is  probable  that  the  underlying  reactions  by  w-hich  energy 
is  made  available  to  the  contractile  proteins  are  similar  in  all  muscles.  Three 
types  of  energy  liberations  are  used:  (1)  breakdown  of  the  high-energy 
phosphate  bonds  in  the  specihc  phosphate  donors,  adenosine  triphosphate 
and  either  phosphocreatine  or  arginine  phosphate;  (2)  glycolysis  of  carbo- 
hydrate; and  (3)  oxidation  of  carbohydrate. 

The  breakdown  of  adenosine  triphosphate  (ATP)  liberates  about  11,000 
calories  per  mol  for  each  phosphate  linkage  broken.  The  reactions  of  the 
organic  phosphates  set  off  the  chain  of  glycolysis  whereby  glycogen  is  split, 
and  its  component  sugars  are  phosphorylated,  going  through  many  inter- 
mediaries to  form  lactic  acid.-"'-  "^"  Part  of  the  lactic  acid  is  oxidized  and  a 
larger  part  is  reconverted  to  glycogen,  usually  in  the  liver.  Between  the  ATP 
and  the  glycolytic  systems  is  interposed  a  carrier  of  phosphate,  phosphagen. 
This  phosphagen  in  vertebrate  muscle  is  creatine,  which  is  reversibly  phos- 
phorylated and  dephosphorylated  to  phosphocreatine. 

Phosphocreatine  was  discovered  as  muscle  phosphagen  in  1927.  In  the 
following  year  it  was  found  that  the  phosphagen  of  crustacean  muscle  is 
arginine  phosphate  (phosphoarginine).  The  structural  formulas  of  these 
two  substances  are  given  in  Fig.  234.  From  1928  to  1937  appeared  a  series 
of  papers  concerning  the  distribution  of  phosphocreatine  (PC)  and  phos- 
phoarginine (PA)  in  the  animal  kingdom.  The  results  have  been  sum- 
marized several  times.-^'  -■^-  ^''''*-  ^'^  The  distribution  of  phosphagens  is  in- 
dicated in  Table  74. 

TABLE  74.  DISTRIBUTION  OF  PHOSPHAGENS  (References  in  text) 


Arginine 

Phosphocreatine 

phosphate 

Chordates 

all  vertebrate  classes  muscle 

+ 

— 

electric  organs  of  fish 

+ 

— 

Prochordates 

Amphioxus 

+ 

- 

— 

Balanoglossus 

+ 

+ 

Ascidia 

— 

+ 

Echinoderms 

Asteroidea 

' 

— 

+ 

Holothuroidea 

— 

+ 

Crinoidea 

— 

+ 

Ophiuroidea 

+ 

— 

Echinoid  adult 

+ 

+ 

Echinoid  larva 

— 

+ 

Crustaceans 

— 

+ 

Annelids 

Sabella,  Lumbricus 

— 

+ 

Errant  polychaetes 

+ 

in  8  genera 

+ 

in  3  of  8  genera 

Sedentary  polychaetes 

+  in 

2  of  8 

genera 

+ 

in  7  of  8  genera 

Sipunculoids 

— 

+ 

Molluscs,  all  classes 

— 

+ 

Platyhelminths— Planaria 

— 

+ 

Nemerteans 

— 

+ 

Coelenterates  (actinians, 

medusae) 

— 

■f 
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Table  74  shows  that  phosphocreatine  is  the  only  phosphagen  in  all  ver- 
tebrate muscles  and  electric  organs.  Phosphoarginine  is  the  phosphagen  of 
most  invertebrate  phyla.  The  distribution  in  prochordates  and  echinoderms 
is  particularly  useful  in  tracing  the  origin  of  the  chordates.  Amphioxus  con- 
tains PC  exclusively,  Balanoglossus  contains  both  PC  and  PA,  and  Ascidia 
contains  only  PA;  this  supports  other  lines  of  evidence  that  tunicates  are 
far  from  the  main  chordate  line.  Among  the  echinoderms  the  muscles  of 
a  holothurian,  a  crinoid,  and  starfish  have  PA  only,  an  ophiuroid  has  PC 
only,  whereas  the  jaw  muscles  of  two  echinoids  contain  both  PC  and  PA 

H  OH 

1      / 

N  -  P  =  O 

/  \ 

/  OH 

HN  =  C 

\ 
N  -  CHo  -  COOH 

CH3 

Phosphocreatine 

H  OH 

I  \ 

N  -  P  =  O 

/  / 


OH 


HN  =  C 


'NH 
(CHO3 
CHNH2 
COOH 
Phosphoarginine  phosphate 
Fig.  234.   Structural  formulas  of  phosphocreatine  and  phosphoarginine. 

in  a  ratio  of  about  1  to  2.-«-  i^«  Larval  echinoids  have  PA  only.  The  enzymes 
(protein)  concerned  with  phosphorylation  and  dephosphorylation  differ  for 
PC  and  PA;  echinoids  contain  both  enzymes.  The  presence  of  both  phos- 
phocreatine and  phosphoarginine  in  echinoderms  supports  the  theory  of  the 
relation  between  this  phylum  and  the  chordates. 

Molluscs,  arthropods,  and  coelenterates  contain  phosphoarginine  only. 
Phosphocreatine  has,  however,  been  found  in  some  polychaete  worms.-^ 
There  seems  to  be  a  tendency  for  the  more  active  errant  polychaetes  to  pos- 
sess PC  and  for  the  more  sluggish  tubicolous  ones  to  have  PA.  A  careful 
examination  of  many  worms-annelids,  sipunculoids,  flatworms,  and  others- 
may  give  important  evidence  regarding  the  point  of  bifurcation  of  the  phy- 
letic  tree. 
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There  was  some  question  regarding  the  presence  of  arginine  in  cephalo- 
pods  and  another  nitrogenous  base,  octopine,  was  isolated  from  muscle  of 
squid  and  scallop.  Octopine,  however,  is  a  breakdown  product  formed  from 
arginine  post  mortem. 

ELECTRIC  ORGANS 

The  first  bioelectric  potentials  observed  by  man  were  the  discharges  from 
electric  fish;  recently  the  end-plate  potential,  the  homologue  of  the  electric 
organ  discharge,  has  been  discovered.  An  interesting  historical  account  of 
electric  organs  is  given  by  Cox.*^'  The  electric  catfish,  Malopter^is,  was 
known  to  the  ancient  Egyptians,  and  the  Romans  named  the  "torpedo"  which 
is  an  elasmobranch  or  ray.  "Electric  therapy"  with  electric  fish  was  recom- 
mended by  Galen;  it  was  used  by  Indians  of  Guiana  and  by  eighteenth  cen- 
tury Europeans.  The  shock  from  electric  fish  was  experienced  for  centuries, 
but  what  it  was  remained  a  mystery.  Toward  the  end  of  the  eighteenth 
century  several  observers  suggested  that  the  shock  from  certain  fish  was  simi- 
lar to  lightning  or  to  the  electrostatic  discharge  from  a  Leyden  jar.  In  1773 
John  Walsh  related  that  the  shock  from  a  Torpedo  is  conducted  through 
metals  but  not  through  glass  or  air;  two  years  later  Williamson  made  similar 
observations  on  electric  eels  (Electrophorus,  formerly  called  Gymnotus) 
brought  to  North  America  from  the  Amazon  region.  The  Cambridge  physi- 
cist Cavendish  built  a  model  of  a  Torpedo,  from  which  he  deduced  the  dis- 
tinction between  potential  difference  and  quantity  of  electricity.  Faraday^® 
made  crucial  tests  with  a  galvanometer  and  spark  gap  on  Electrophorus, 
thus  demonstrating  the  electrical  nature  of  the  shock.  He  prophetically  re- 
marked in  his  diary:  "Oersted  showed  how  we  were  to  convert  electric  into 
magnetic  forces  and  I  had  the  delight  of  adding  the  other  member  of  the 
full  relation,  by  reacting  back  again  and  converting  magnetic  into  electric 
forces.  So  perhaps  in  these  organs  where  nature  has  provided  the  apparatus 
by  means  of  which  the  animal  can  exert  and  convert  nervous  into  electric 
force,  we  may  be  able,  possessing  in  that  point  of  view  a  power  far  beyond 
that  of  the  fish  itself,  to  reconvert  the  electric  into  the  nervous  force." 

All  electric  fish  are  sluggish  and  depend  on  their  electric  discharge  to 
stun  both  their  prey  and  their  predators.  The  low  sensitivity  of  electric  fish 
to  their  own  shocks  is  unexplained;  in  an  aquarium  with  numerous  other 
species  of  fish,  electric  fish,  although  obviously  stimulated  by  each  other's 
shocks,  may  be  unharmed  while  the  other  aquatic  animals  are  killed.®^ 
Stimuli  of  220  volts  did,  however,  damage  the  electric  eel. 

An  electric  organ  consists  of  columns  of  plates,  electroplaxes,  which  run 
dorsoventrally  in  the  electric  rays  and  longitudinally  in  the  eel.  In  Torpedo 
marmorata  each  organ  has  about  450  columns  of  400  plates  per  column.  Elec- 
tric tissue  comprises  one  sixth  of  the  body  weight  in  Torpedo  and  about 
one  half  in  Electrophorus.  The  electroplaxes  or  plates  in  each  column  are 
in  series  electrically,  the  various  columns  in  parallel.  The  long  rows  of  many 
plates  in  series  in  the  eel  tend  to  match  the  external  resistance  of  the  fresh- 
water medium  and  the  short  rows  in  the  Torpedo  tend  to  match  that  in 
sea  water,  each  being  well  suited  for  power  development  in  its  own  me- 
dium.^^    Each  electric  organ  is  entirely  undex  nervous  control;  in  Torpedo 
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huge  branches  from  the  tenth  cranial  nerve  arise  in  large  lobes  of  the  medulla. 

The  electroplaxes  are  derived  embryologically  from  electroblasts  similar  to 
sarcoblast  precursors  of  muscle.**-^  The  elongate  multinucleate  cell  enlarges 
laterally,  nuclei  increase  around  the  cell  periphery,  and  the  center  becomes 
filled  with  mucous  protein  (Fig.  235).  One  surface  is  innervated,  usually 
the  electronegative  surface,  and  the  other  is  frequently  papilliform.  The 
single  electroplax  resembles  a  motor  end-plate  (Fig.  236)^^. 

When  an  electric  fish  discharges,  each  organ  fires  repetitively,  usually 
3  to  5  spikes,  sometimes  many  more.    Each  spike  is  of  constant  height  and 


Papillae 


Nerve 

Electric  layer 


Connective  tissue 


Fig.  235.  Diagram  of  two  electroplaxes.  Nerve  elements  in  black,  electric  layer 
granular  and  nucleated.  From  Ihle,  Kampen,  et  al.^"' 


'*"   ' '~)^^^°::T^^^i       Muscle  striation 


Telogiia 


Teloglial  nucleus 


Motor  axon 


Fig.  236.  Diagram  of  motor  end-plate.  Axon  termination  in  black;  myelin  sheath 
stops  before  axon  branching;  zone  of  telogiia  dotted  and  teloglial  nuclei  shown.  Muscle 
striations  around  end-plate.  From  Couteaux.'^ 
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lasts  about  2  msec.'^'^-  '^•^'  '**'  (Fig.  237).  In  Torpedo  occidentalis  spike  dura- 
tion is  3.5  msec.  In  the  electric  eel  there  may  be,  in  addition  to  the  larger 
spikes,  minor  discharges  either  preceding  a  major  discharge  or  appearing  in- 
dependently."- The  minor  discharge  arises  in  the  small  organ  of  Sachs  sepa- 
rate from  the  main  electric  organ.  These  minor  discharges  occur  when  the 
fish  are  cruising  about  for  food,  and  there  is  good  evidence  that  prey  are  lo- 
cated by  the  reflection  of  electric  waves. 

The  synchrony  of  the  electric  discharge  is  remarkable  and  is  essential  for 
maximum  power  output.  The  two  organs  of  Torpedo  discharge  within  0.1 
msec,  of  each  other!  In  the  electric  eel  each  point  in  the  electric  organ  is 
positive  with  respect  to  all  points  behind  it,  and  measurements  of  time  dif- 
ference between  the  two  ends  indicate  a  wave  travelHng  450-2500  M./sec. 
Propagation  stops  at  a  cut  in  the  spinal  cord.''^  There  is  evidence  that  when 
Electrophorus  is  probed  with  an  active  lead  while  a  ground  lead  is  placed 
on  the  tank,  a  point  about  one  third  of  the  distance  back  is  electrically  neu- 
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Fig.  237.  Electric  organ  discharge  in  Electrophorus.  Upper,  records  showing  small 
followed  by  large  pulses;  lower,  records  at  higher  speed  to  show  shape  of  discharges. 
From  Coates,  Cox,  and  Granath.'" 

tral.  This  near  synchrony  of  all  parts  of  the  electric  organs  indicates  very 
precise  timing  in  the  central  nervous  system;  the  motor  impulses  going  to 
distant  electroplaxes  must  leave  the  brain  earlier  or  travel  faster  than  do 
the  impulses  to  near  parts  of  the  organ. 

The  total  peak  voltage  measured  without  external  resistance  is  usually 
20-30  volts  in  Torpedo  marmorata,  230  volts  (sometimes  500-600  v.)  in  Elec- 
trophorus.^'-^-  ^-^  Older  measurements  are  somewhat  lower.  In  Electrophorus 
the  thickness  of  the  plates  increases  from  the  anterior  end  backward,  and 
the  voltage  per  centimeter  length  diminishes  (Fig.  238).  The  calculated 
peak  voltage  per  electroplax  is  remarkably  constant  at  0.05-0.15  v.  per  plate 
for  all  species  investigated. 

The  voltage  has  been  measured  for  various  shunting  external  resistances 
and  the  current  output  calculated.  Zero  current  corresponds  to  the  maximum 
voltage  and,  as  current  increases,  voltage  decreases  linearly;  the  maximum 
current  developed  by  the  electric  eel  is  less  than  one  ampere,  whereas  from 
the  lower-voltage  ray  fish  higher  currents  are  obtained  (2  amperes  for  Nar- 
cine  and  60  amperes  for  Torpedo  occidentalism.   Power  as  a  function  of  ex- 


620 


Comparative  Animal  Physiology 


ternal  load  passes  through  a  maximum  at  about  3  watts  for  Electro-phorus. 
One  large  specimen  of  Torpedo  occidenialis^'^  developed  a  maximum  power 
of  6  kw! 

Records  made  from  single  electroplaxes  or  groups  agree  well  in  duration 
and  voltage  with  those  calculated  from  measurements  of  the  total  dis- 
charge.'"^ Single  electroplax  discharges  are  all-or-none,  with  a  rising  phase 
of  0.5-0.7  msec.  Each  discharge  is  monophasic  because  it  is  not  propagated, 
shows  no  after-potential,  and  is  all-or-none  except  after  fatiguing,  where- 
upon the  voltage  diminishes.  A  single  stimulus  to  the  nerve  gives  one  dis- 
charge of  the  electroplax.  When  the  nerve  fibers  to  a  portion  of  an  electric 
organ  are  allowed  to  degenerate  the  organ  becomes  totally  inexcitable.^"^ 
Injections  of  curare  or  of  atropine  reduce  the  electric  discharge  to  zero.'^ 
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Fig.  238.  Relation  between  potential  and  cholinesterase  in  electric  organ  of  Electrophorus. 
•  ,  Average  QChE;  ■,  volts  per  cm.   From  Nachmansohn,  Cox,  Coates,  and  Machado."^ 

In  addition  to  being  electrically  similar  to  muscle  end-plate,  the  electric 
organ  is  chemically  similar.  The  electric  organ  is  the  richest  tissue  yet  as- 
sayed for  acetylcholine,  having  40-100  micrograms  per  gram  fresh  weight, 
or  nearly  0.1  per  cent  dry  weight.  Acetylcholine  appears  in  the  eserinized 
perfusate  from  an  electric  organ  stimulated  through  its  nerve.^^  Intraarterial 
injection  of  as  little  as  2.5  fig.  of  ACh  elicits  a  brief  electrical  discharge. 
Injection  of  eserine  prolongs  the  spike  duration,  promotes  facilitation  of 
subliminal  impulses,  and  hastens  fatigue  of  the  electric  tissue.'"-  Cholin- 
esterase is  high  in  concentration  in  electric  organ  tissue,  and  in  the  electric 
eel  the  cholinesterase  in  centimeter  lengths  of  the  organ  decreases  toward 
the  posterior  end  along  a  curve  similar  to  the  curve  for  diminution  in  voltage; 
i.e.,  the  cholinesterase  per  electroplax  tends  to  be  constant  (Fig.  238)."^ 
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All  evidence  agrees,  therefore,  that,  like  the  end-plate  potential,  the  dis- 
charge of  an  electric  organ  is  associated  with  the  liberation  of  acetylcholine. 

Electric  tissue  contains  much  phosphocreatine,  -■^'  ^^  which  diminishes 
after  prolonged  activity.  An  old  study"  of  heat  utilization  by  the  electric 
organ  in  activity  should  be  repeated  with  modern  thermopiles.  The  voltage 
output  of  Malo'pterus  is  reported  to  have  a  temperature  optimum  at  19°  C. 

The  electric  organ  of  fishes  has  long  been  an  object  of  wonder  and  curi- 
osity; it  is  now  most  useful  in  leading  to  an  understanding  of  the  physico- 
chemical  processes  in  the  nervous  activation  of  muscle. 

CONCLUSIONS 

There  are  many  kinds  of  muscles,  functionally  and  structurally.  Muscles 
can  be  arranged  in  orderly  fashion  according  to  physiological  and  histologi- 
cal properties. 

Speed— fast  contraction  and  relaxation,  high  fusion  frequency,  short  ex- 
citation constant— is  associated  with  sharp  transverse  striations  and  long 
fibers,  with  sparse  sarcoplasm  and  abundant  fibrils.  Conduction  is  slow  and 
electrical  activity  complex  in  sheets  of  short  fibers,  particularly  when  the  fibers 
are  branched,  or  connected  by  protoplasmic  bridges.  Local  responses,  both 
electrical  and  mechanical,  may  be  one  link  in  the  excitation  of  fast  muscle, 
but  become  the  dominant  response  when  innervation  is  multiple.  Ability 
to  maintain  tension  is  associated  with  an  abundance  of  connective  tissue  or 
with  a  "set"  in  the  pattern  of  contractile  elements.  Increase  in  tension  with 
increase  in  frequency  of  stimulation  reflects  facilitation  of  neuromuscular 
excitation  as  well  as  facilitation  of  mechanical  properties.  There  are  dif- 
ferences among  muscles  in  the  agents  of  neuromuscular  transmission  and 
in  the  phosphagens. 

The  mechanical  properties  of  muscles  make  possible  their  gross  function. 
Correlations  of  physiological  and  histological  properties  of  muscle  with 
phylogeny  are  few,  and  within  an  individual  animal  a  number  of  muscle 
types  exist.   Within  one  muscle  there  may  be  fast  and  slow  portions. 

Comparison  of  the  forms  of  phosphagen,  one  of  the  principal  sources  of 
energy  in  muscle,  supports  the  echinoderm  theory  of  chordate  origin,  and 
suggests  that  annelids  may  be  farther  phylogenetically  from  arthropods,  and 
tunicates  farther  from  true  chordatei  than  is  sometimes  supposed. 

Electric  organs  are  modified  neuromuscular  junctions,  greatly  enlarged 
and  altered  so  that  the  production  of  action  potentials  is  their  principal 
function. 

Study  of  the  comparative  physiology  of  muscle  can  be  most  useful  in  a 
correlation  of  the  structure— histological  and  molecular— with  the  functional 
properties  of  diflFerent  kinds  of  muscle;  this  approach  should  help  to  explain 
the  fundamental  nature  of  contractile  tissues. 
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CHAPTER  17 


Amoeboid  Movement 


ROTOPLASMic  STREAMING  occurs  in  many  living  cells,  possibly  in  all. 

Diffusion  is  too  slow  a  process  for  the  transport  of  solutes  from  one  part 
of  a  cell  to  another,  and  active  cytoplasmic  movement  provides  a 
rapid  transport  mechanism.  Streaming  may  proceed  in  a  fixed  path  and  may 
be  fast  enough  for  direct  microscopic  observation,  as  the  cyclosis  around  the 
vacuole  of  some  plant  cells,  or  the  transport  of  food  vacuoles  and  granules 
about  the  body  of  a  ciliate  protozoan.  In  other  cells  streaming  may  be  slow 
and  may  be  more  of  a  churning  than  a  fixed  current;  such  cytoplasmic  activity 
is  best  seen  by  accelerated  motion  pictures,  as  of  tissue  cultures  (fibroblasts, 
etc.-^),  or  of  tips  of  growing  nerve  fibers.''"-  ''•^  The  cellular  mechanism  of 
protoplasmic  streaming  is  unknown.  Its  dependence  on  colloidal  properties, 
particularly  on  viscosity  changes,  is  shown  by  the  effects  of  hydrostatic 
pressure;  streaming  in  Elodea  is  slowed  in  proportion  to  a  decrease  in 
viscosity.-^ 

TYPES  OF  AMOEBOID  CELLS  AND  OF  PSEUDOFODS 

Amoeboid  movement  has  a  colloidal  basis,  as  does  protoplasmic  stream- 
ing; amoeboid  movement  is  also  accompanied  by  changes  in  cell  shape  and 
often  by  progressive  motion.  Amoeboid  movement  may  be  directed  locomo- 
tion, as  in  the  rhizopod  Protozoa  (Sarcodina),  in  the  plasmodium  of  myxo- 
mycetes,  in  amoeboid  leucocytes  (particularly  vertebrate  lymphocytes),  in 
amoeboid  or  wandering  cells  of  many  kinds  of  animals  (such  as  the  archeo- 
cytes  of  sponges),  and  in  growing  nerve  fibers;  or  amoeboid  movement  may 
consist  in  the  extension,  flexion,  and  retraction  of  processes  (pseudopods) 
concerned  primarily  in  feeding,  as  in  most  Foraminifera,  Heliozoa,  Radio- 
laria,  vertebrate  macrophages,  and  various  phagocytes  such  as  reticuloendo- 
thelial cells  (e.g.,  Kupffer  cells  of  the  liver).  Locomotory  amoeboid  move- 
ment requires  attachment  to  some  substrate;  non-polarized  amoeboid  move- 
ment occurs  in  free  pseudopods. 

Among  the  free-living  amoeboid  animals  the  manner  of  locomotion  differs 
slightly  according  to  cell  form  and  type  of  pseudopod.  Pseudopods  may  be 
lobopods,  broad  to  cylindrical  and  round  at  the  tip  (Fig.  239,  A-E);  they 
may  be  filopods,  slender  with  pointed  tips;  they  may  be  reticulopods,  thread- 
like, branching,  and  anastomosing  as  in  Foraminifera,  or  they  may  be  axo- 
pods,  rays  with  a  central  axial  rod  as  in  Heliozoa  and  Radiolaria  (Fig. 
239,  G).'"  Locomotion  by  lobopods  has  been  much  studied;  filopods,  reticu- 
lopods and  axopods  are  primarily  freely  extended  feeding  pseudopods;  filo- 
pods may  show  streaming  without  accompanying  change  in  length,  and  axo- 
pods may  be  very  contractile. 
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Amoebae  differ  greatly  in  cell  form;  Amoeba  Umax  has  a  single  lobose 
pseudopod  (Fig.  239,  D);  the  stellate  form  of  amoeba  has  many  free  pseudo- 
pods;  A.  proteiis  and  A.  dubia  (Fig.  239,  A  and  C)  are  multipodal,  i.e.,  they 
have  several  attached  pseudopods  with  streaming  in  various  amounts  in 
each.  Amoebae  may  have  surface  ridges,  as  in  A.  verrucosa  (Fig.  239,  E), 
or  they  may  have  an  irregular  "tail"  or  uroid,  as  in  Pelomyxa  palustris  (Fig. 
239,  F).  Lymphocytes  vary  likewise,  sometimes  having  a  broad  advancing 
pseudopod  and  smaller  tail,  the  "looking  glass"  shape,  or  they  may  be  worm- 


v^,%.  v.;  1;.    v  '' 


■'r'1%,       f>r-;'-:' 


•  0 


B 

Nucleus 
Food  vacuole 


Contractile  vacuole 


Plasmolemma 


Nucleus 


Contractile 

vacuole 


Plasmosol 


Food  vacuole 


Pseudopod 

Hyoline  layer 
Uroid 

Fig.  239.  Drawings  showing  various  types  of  pseudopods.  Typical  multipodal  amoeboid 
cells:  A,  Amoeba  proteus  in  locomotion;  B,  Amoeba  discoides  in  locomotion;  C,  Amoeba 
dubia  in  locomotion.  From  Schaeffer."'  Typical  monopodal  amoeboid  cells:  D,  Amoeba 
Umax;  E,  Amoeba  verrucosa.  Note  ridges  on  pellicle.  From  Kuhn.^'  F,  Pelomyxa  palustris, 
showing  direction  of  flow  of  granules.  Note  iwsterior  uroid.  From  Mast.'"  G,  A  typical 
heliozoan,  Actinosphaerium  eichhorni,  showing  axopods.   From  Kuhn.*^ 
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like  or  may  show  local  constriction  rings  according  to  the  physical  nature 
of  the  medium."'  The  various  forms  of  amoeboid  cells  are  not  always  con- 
stant for  a  species  and  one  individual  may  take  on  different  forms  under 
various  conditions.  Amoeba  protens,  for  example,  in  distilled  water  becomes 
stellate  or  radiate,  whereas  it  may  be  active  and  monopodal  in  a  dilute  saline; 
it  is  also  stellate  prior  to  fission.  Amoebae  have  a  central  fluid  plasmasol 
and  an  outer  viscous  plasmagel.  The  thickness  of  the  gel  varies  greatly 
among  different  species:  there  is  much  gel  in  A.  proteus,  A.  verrucosa,  Pelo- 
myxa  carolinensis,  and  P.  pahistris,  but  very  thin  gel  in  Amoeba  duhia  and 
in  the  parasitic  A.  blattae.  Amoeba  dubia  is  useful,  therefore,  for  measur- 
ing by  centrifugation  the  viscosity  of  the  plasmasol,  and  A.  proteus  for  meas- 
uring viscosity  of  the  plasmagel. ^^ 

GENERALIZED  PICTURE  OF  AMOEBOID  MOVEMENT 

There  are  many  variations  in  amoeboid  movement  in  the  different  cell 
and  pseudopod  types,  but  a  basic  pattern  is  found  in  all.  A  "typical"  amoeba 
consists  of  a  thin  outer  layer,  the  plasmalemma,  which  has  adhesive  proper- 
ties, is  not  wet  by  water  (is  hydrophobic),  and  slides  freely  over  the  next 
inner  layer.  Beneath  the  plasmalemma  is  a  hyaline  layer  which  is  fluid  as 
judged  by  brownian  activity  when  granules  enter  it.  This  layer  is  thin  or 
absent  from  a  region  of  attachment  to  substrate;  it  often  thickens  as  an  ex- 
tensive hyaline  cap  at  the  front  of  an  advancing  pseudopod.  Next  is  the 
shell  or  cylinder  of  plasmagel  which  is  motionless  and  rather  viscous.  In  a 
monopodal  amoeba  the  gel  thickens  gradually  from  the  anterior  to  the  pos- 
terior end.  In  many  species  it  is  extended  as  a  very  thin  plasmagel  sheet 
beneath  the  anterior  hyaline  cap,  a  sheet  which  frequently  ruptures,  allow- 
ing granules  to  enter  the  hyaline  cap.  The  core  of  the  amoeba  is  the  plas- 
masol in  which  granules  flow  freely  forward  although  the  lateral  margin 
of  it  may  be  stationary.  The  nucleus  is  normally  in  the  plasmasol,  the  con- 
tractile vacuole  in  the  plasmagel.  Both  regions  contain  various  granules, 
food  vacuoles,  and  specific  crystals  contained  in  little  vacuoles.  The  proto- 
plasm is  normally  hypertonic  (except  possibly  in  marine  and  parasitic  forms), 
and  the  plasmagel  imparts  a  turgidity  which  results  in  the  non-spherical 
cell  forms.  In  species  in  which  the  sol  of  the  pseudopods  is  continuous  to  the 
tip  (as  in  Difflugia')  the  plasmalemma  must  oppose  free  swelling. 

Locomotion  depends  on  three  basic  factors,  according  to  current  views.^^ 
The  first  is  attachment  to  the  substrate.  This  is  facilitated  by  traces  of  salts, 
particularly  calcium,  in  the  medium.  Organic  solutes  such  as  lactose  and 
glycerin  do  not  facilitate  attachment;  Ca,  Mg,  and  K  are  additive  for  at- 
tachment but  not  for  locomotion. ■*-''  In  amoebae,  as  in  leucocytes,  the  firmest 
attachment  is  at  the  tips,  and  new  pseudopods  are  more  firmly  attached  than 
old  ones.  Second,  plasmagel  is  continuously  being  converted  to  plasmasol 
at  the  posterior  end  or  at  some  fixed  region,  and  plasmasol  is  converted  to 
plasmagel  anteriorly  or  in  any  extending  pseudopod.  As  plasmasol  flows 
forward  granules  either  are  deflected  laterally  to  become  plasmagel  or  break 
into  the  hyaline  cap  and  then  gelate  as  a  new  cap  is  formed.  Attachment 
and  reversible  solation-gelation  are  readily  observed.  Third  is  the  force  that 
causes  forward  flow  of  the  plasmasol,  which  is  less  apparent.    Most  current 
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theories  attribute  this  to  the  elastic  strength  or  contractileness  of  the  plas- 
magel,  which  is  greater  posteriorly  and  squeezes  the  plasmasol  forward. 

Lateral  examination  of  granules  in  an  amoeba  and  of  particles  adhering  to 
the  plasmalemma  has  shown  that,  as  the  cell  advances,  granules  in  the  gel 
remain  fixed  until  the  posterior  end  reaches  them,  when  they  enter  the 
sol  (Fig.  240).  Similar  stability  of  the  gel  is  shown  in  advancing  lympho- 
cytes, in  which  small  lateral  protuberances  remain  fixed  until  the  posterior 
end  reaches  them.^  Particles  on  the  ventral  attached  portion  of  the  plasma- 
lemma  are  also  fixed,  but  particles  elsewhere  on  the  plasmalemma,  both 
dorsal  and  ventral,  move  forward  (Fig.  240).  Thus  the  plasmalemma  cither  is 
stretched  and  varies  in  thickness,  or  is  rapidly  constituted  at  the  posterior 
end  and  in  freely  extending  pseudopods.^^  Mid-dorsally  a  granule  may 
move  faster  than  the  rate  of  advance  of  the  amoeba,  indicating  active  slip- 
ping of  the  plasmalemma  over  the  hyaline  layer. ^^  In  A.  verrucosa,  rarely 
in  A.  proteus  or  A.  Umax,  there  is  a  "rolling  movement,"  the  plasmalemma 
rolling  like  a  rubber  bag  of  liquid  down  an  incline.-^^'  ^^  When  attachment 
is  discontinuous  there  may  be  a  "walking"  movement;  the  advancing  tip 


Fig.  240.  Series  of  sketches  of  Amoeba  protens  as  seen  from  the  side,  representing  the 
movement  of  oifferent  parts  of  the  body  during  locomotion.  A,  B,  C,  Three  successive 
positions  on  the  same  substratum  xy;  d,  e,  f,  g,  i,  particles  in  the  plasmagel  and  the 
plasmasol;  a,  h,  c,  particles  attached  to  the  plasmalemma.    From  Mast." 

attaches  and  by  contraction  of  gel  just  behind  the  tip  the  cell  is  pulled  for- 
ward. This  is  well  shown  by  Difflugia,  which  has  a  shell  consisting  of  sand 
grains  cemented  together.  One  pseudopod  extends  freely,  waves  about,  and 
finally  attaches  at  its  tip,  then  as  the  gel  of  the  first  pseudopod  contracts, 
a  second  pseudopod  is  extended,  receiving  plasmasol  from  the  attached  pseu- 
dopods,  which  thus  shortens  and  pulls  the  shelled  portion  forward.'^-  ^^ 

Freely  crawHng  amoebae  move  at  rates  of  0.5  to  4.5  micra  per  second, 
most  of  them  at  the  rate  of  about  1  micron  per  second.^-  Monopodal  indi- 
viduals travel  faster  than  multipodal  ones;  monopodal  specimens  of  A.  proteus 
in  0.001  N  NaCl  averaged  4.6,  irregular  monopodal  4.3,  and  multipodal  2.1 
micra  per  second.^^  Lymphocytes  in  tissue  culture  moved  an  average  of  0.55 
|ii/sec.,  whereas  the  non-polarized  macrophages  averaged  0.004  /x  or  less  per 
second.^ 
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In  feeding,  those  amoebae  which  travel  by  small  pseudopods,  as  A.  pro- 
tens,  form  food  cups  consisting  of  lateral  and  dorsal  pseudopods  flowing 
around  a  food  mass  which  may  itself  be  motile.  Food  particles  do  not  ad- 
here to  the  plasmalemma.  The  pseudopods  of  the  cup  meet  distally,  they 
may  or  may  not  touch  the  food,  and  the  food  mass  is  thus  incorporated  in 
a  food  vacuole.  In  amoebae  with  a  single  broad  pseudopod,  as  in  A.  Umax, 
there  appears  to  be  some  adhesion  of  food  masses  to  the  plasmalemma  and 
the  cell  surface  indents,  enclosing  the  food  in  a  vacuole.^o  js^\^q  f^g  surface 
of  reticulopods  and  axopods  are  sticky,  and  food  adheres  to  their  surface. 

THEORIES  OF  AMOEBOID  MOVEMENT 

Several  theories  have  been  proposed  to  account  for  amoeboid  movement. 
The  fascinating  history  of  this  subject  has  been  well  reviewed.^'  ^^  The  first 
of  these  theories  was  popular  with  various  modifications  from  1835  (Du- 
jardin)  until  1875  (Schulze).  It  postulated  contraction  in  elements  in  vari- 
ous parts  of  the  cell,  particularly  the  pseudopods,  which  pulled  the  proto- 
plasmic mass  ahead.  The  second  theory  involved  surface  tension  forces  and 
was  based  on  the  analogy  of  amoeboid  movement  with  the  movement  of  a 
mercury  drop  toward  some  salt,  such  as  potassium  dichromate,  or  with  the 
currents  in  a  drop  of  oil  in  contact  with  a  soap.  This  theory  was  developed 
with  many  variations  by  Berthold  (1886),  Biitschli  (1892),  and  Rhumbler 
(1898),  and  still  persisted  in  a  paper  by  Tiegs  in  1928;^-  it  postulates  that 
some  organic  solute  lowers  the  surface  tension  at  some  point  on  the  amoeba, 
and  a  pseudopod  is  there  extended.  That  such  action  can  occur  is  shown 
by  the  modern  observation^-  ^^  that  a  drop  of  one  of  various  paraffin  oils 
can  form  a  cap,  a  pseudopod  forms  beneath  it,  and  fountain  streaming,  often 
without  forward  locomotion,  can  continue  beneath  the  cap  for  many  hours. 

There  is  abundant  evidence  against  surface  tension  forces  as  being  nor- 
mally responsible  for  amoeboid  movement.  The  plasmalemma  is  not  a  liquid 
surface  but  an  elastic  membrane.  The  currents  on  the  plasmalemma  are 
forward,  not  backward  as  on  the  surface  of  a  drop  of  mercury  or  oil  moving 
by  a  "pseudopod."  Also  there  is  no  reasonable  suggestion  regarding  the 
nature  and  method  of  secretion  of  any  solute  which  might  lower  the  surface 
tension  locally. 

The  most  reasonable  current  theory  of  amoeboid  movement  is  based  on 
the  reversible  gel-sol  transformation  and  assigns  the  propulsive  force  to  con- 
tractility of  the  gel.  This  notion  was  actually  proposed  in  1863  by  Wallich 
and  was  advanced  by  Jennings  in  1902.  The  first  discussion  in  terms  of 
colloidal  properties  of  gels  and  sols  was  by  Hyman;^^  the  theory  was  ad- 
vanced by  Pantin,^-'  ^^  and  greatly  extended  by  Mast  and  his  associates.^^- 
32,  34  Support  has  come  from  pressure  experiments  by  Marsland  and  Brown,^® 
and  from  studies  of  blood  cells  in  tissue  culture.'"''  ^^ 

The  plasmagel  is  truly  elastic.  Measurements  of  the  extensibility  of  strands 
of  myxomycete  plasmodia  gave  a  value  of  Young's  modulus  of  9  X  10* 
dynes/cm.-,  which  is  about  one-thirtieth  as  elastic  as  muscle.^^ 

The  tension  at  the  cell  periphery,  as  measured  by  the  centrifugal  force 
to  pull  an  oil  droplet  out  through  the  surface,  is  1  to  3  dynes/cm.  or  lower- 
slightly  more  than  the  peripheral  tension  in  marine  eggs  but  much  lower  than 
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the  tension  of  20  dynes/cm.  at  the  interface  of  olive  oil  and  water.^"  The 
tensions  measured  by  Harvey  and  Marsland  are  not  "surface  tension"  but 
total  restraining  tension  residing  in  the  cell  periphery;  there  is  no  rigorous 
distinction  in  such  a  system  between  contractile  and  elastic  tension.  Calcu- 
lations indicate  that  tensions  of  1  to  3  dynes/cm.  are  of  the  order  of  magni- 
tude needed  to  force  the  sol  forward, ^^  but  an  amoeba  can  develop  much 
greater  tensions,  as  when  it  pinches  a  Paramecium  in  two.^^ 

The  contractile  tension  of  the  gel  presumably  resides  in  long  protein  mole- 
cules whose  organization  and  "contractility"  is  indicated  by  measurements 
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Fig.  241.  Proportionality  between  the  effects  of  hydrostatic  pressure  on  protoplasmic 
streaming  (and  cell  division)  and  the  degree  of  solation  imposed  by  pressure  in  various 
gel  systems.  •  arbitrary  point,  all  other  values  relative  to  this;  -p  gel  value,  amoeba;  -^ 
gel  value,  unfertilized  Arbacia  eggs;  X  gel  value,  cleaving  Arbacia  eggs;  +  rate  of 
cleavage,  Arbacia  eggs;  •  gel  value,  Elodea  cells;  O  rate  of  streaming,  Elodea  cells;  M 
gel  value,  actomyosin  gel  (rabbit  muscle  at  pH  6.5,  23°-24°  C).  Redrawn  from  Marsland 
1942  and  1944.^"  '■' 

of  resistance  to  granule  movement  in  a  centrifugal  field,  and  by  observation 
of  the  effects  of  hydrostatic  pressure.  The  gel  of  newly  formed  or  advancing 
pseudopods  is  less  rigid  than  the  gel  in  posterior  regions.  When  amoebae 
are  subjected  to  high  hydrostatic  pressure  the  "viscosity"  falls,  the  gel  so- 
lates  and  locomotion  stops.  At  2000  lb/in.-  pseudopods  are  long  and  cylin- 
drical; above  6000  Ib./in.-  no  new  pseudopods  are  formed;  at  about  6500 
Ib./in.^  terminal  spheres  appear  on  pseudopods  and  the  pseudopods  retract 
as  balls  of  fluid.   A  series  of  functions— amoeboid  movement,  chromatophore 
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expansion,  cyclosis  in  Elodea,  cleavage  in  Arhacia  eggs-are  similarly  stopped 
as  the  protoplasmic  rigidity  decreases  under  high  pressures  (Fig.  241). 
These  are  in  contrast  to  bioluminescence,  ciliary  movement,  muscle  contrac- 
tion, and  nerve  propagation,  which  functions  may  be  enhanced  by  pres- 
sure properly  applied.-^-  ^^ 

The  rate  of  locomotion  is  not  directly  related  to  the  gel-sol  ratio,  even 
though  the  gel  is  thicker  posteriorly.  For  example,  the  gel  increases  with 
increasing  external  acidity,  it  also  increases  as  the  temperature  is  lowered, 
yet  the  rate  of  locomotion  shows  broad  pH  and  temperature  optima.^^^-  ^^^  =^1 
For  brief  exposures  to  different  temperatures  (not  metabolic  acclimation) 
the  velocity  of  locomotion  in  A.  proteus  rises  from  zero  at  about  5°  C,  to  a 
maximum  at  22.5-24°,  sometimes  a  double  maximum,  then  declines  to  zero 
at  about  33°,  '^^-  ^'■*  whereas  in  the  marine  Flahelhila  the  maximum  is  at 
35-40°.  The  gel-sol  ratio,  however,  declines  with  rising  temperature,-^'-*  as  does 
the  viscosity  (with  some  irregularity).^^ 

In  Amoeba  proteus  there  are  two  pH  values  at  which  the  rate  of  locomo- 
tion is  maximal,  pH  6.2  and  pH  7.5,  in  the  presence  of  a  salt  mixture;  but 
in  the  presence  of  single  cations,  Na+,  K+,  or  Ca++,  only  one  pH  maxi- 
mum occurs.^^  An  amoeba  which  is  largely  sol,  A.  dnhia,  showed  an  increase 
in  viscosity,  as  measured  by  centrifugation,  in  NaCl  and  KCl  and  a  de- 
crease in  MgCL  and  CaCL.,  whereas,  in  similar  concentrations  on  the  gel- 
rich  A.  proteus,  Ca  increased  and  K+,  Na  +  ,  or  Mg++  decreased  viscos- 
j{y_i3,  14  High  external  calcium  tends  to  increase  the  gel-sol  ratio  in  a  pH 
range  where  Na+  or  K+  cause  a  decrease  in  gel.^^-  "'•'^  The  effects  of  salts 
depend  on  external  pH,  but  in  no  condition  is  gel-sol  ratio  or  viscosity  as 
measured  by  centrifugation  affected  in  the  same  manner  as  is  the  rate  of 
locomotion.  The  frequency  of  rupture  of  the  plasmagel  sheet  is,  however, 
related  to  the  gel-sol  ratio;  those  conditions  which  decrease  the  amount  of 
gel  also  increase  the  frequency  of  rupture  of  the  sheet.-^"  Gel-sol  ratio  and 
mean  viscosity  are  important  in  locomotion,  but  other  factors  also  contribute. 
It  is  probable  that  the  rates  of  gelation  and  solation  are  important;  also  the 
contractility  of  the  gel  need  not  be  proportional  to  its  viscosity  or  to  its 
amount  relative  to  the  sol.  Changes  in  elasticity  of  the  gel  as  measured  by 
microdissection  might  be  better  correlated  with  rate  of  locomotion.  How 
external  pH  is  effective  on  the  gel  even  though  the  cytoplasm  is  well  buffered 
is  not  known. 

Locomotion  can  be  altered  by  local  solation  or  gelation.  In  an  electric 
field,  for  example,  solation  is  induced  in  an  amoeba  on  the  side  toward  the 
cathode  and  pseudopodia  progress  in  that  direction.'*-  •^''  Intense  illumina- 
tion or  mechanical  stimulation  of  a  pseudopod  tip  induces  gelation  and 
streaming  reverses  in  that  pseudopod. -^^  Pantin^--  ^-^  suggested  that  con- 
tractility of  the  posterior  gel  results  from  loss  of  water  by  syneresis  and  that 
the  anterior  gel  or  freshly  formed  gel  imbibes  water.  He  claimed  that 
in  a  marine  amoeba  the  granules  at  the  anterior  end  and  in  active  pseudo- 
pods  were  more  acid  than  those  in  the  posterior  end.  This  difference  in 
acidity  was  not  confirmed  by  Mast.^^  However,  immersion  in  hypertonic 
solutions  causes  gelation  and  results  in  a  rugose  or  wrinkled  surface.'^*^*  ^^ 
Many  amoeboid  cells  have  at  times  an  irregular  tail-piece  (A.  Umax,  P.  pa- 
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lustris,  mammalian  lymphocytes),  from  the  gel  of  which  it  is  likely  that  water 
has  been  removed.  If  the  gel  matrix  consists  of  long  polypeptides  cross-linked 
by  side-chains,  shortening  or  contraction  would  involve  the  loss  of  water.^-  ^ 
Another  suggested  mechanism  for  solation  is  that  it  results  from  the  thixo- 
tropic  character  of  the  gel,  such  that  the  mechanical  agitation  caused  by 
contraction  leads  to  solation,  while  gel  reforms  as  soon  as  movement  ceases 
at  the  anterior  end.*^ 

Elastic  tension  might  be  developed  if  there  were  a  decrease  in  volume  of 
the  gel  as  it  sets,  as  there  is  in  gelatin.  However,  gels  which  solate  under 
pressure  as  does  the  gel  of  amoeba,  increase  slightly  in  volume  on  setting,-** 
hence  the  contractile  tension  can  hardly  result  from  a  volume  decrease.  It 
is  more  likely  that  fibrous  proteins  or  polypeptide  chains  shorten  according 
to  their  state  of  hydration. 

The  contractile  elements  in  the  plasmagel  may  resemble  contractile  muscle 
proteins.  The  "viscosity"  of  actomyosin  decreases  with  pressure,  as  does  the 
amoeba  gel  viscosity.  In  amoebae  two  processes  must  be  separated:  (1)  the 
continuous  solation  at  the  posterior  end  and  gelation  at  the  anterior  end, 
and  (2)  the  persistent  contractile  tension  of  the  plasmagel.  In  muscle  there 
are  two  different  processes:  (1)  the  activation  of  the  contractile  elements, 
probably  via  adenosinetriphosphate  (see  Ch.  16,  p.  605),  and  (2)  the 
rapid  development  of  tension  in  the  gel.  The  elements  of  the  gel  matrix 
of  amoeboid  cells  must  be  much  less  regularly  organized  than  those  in 
muscles  because  an  amoeba  shows  no  birefringence  except  for  a  few  gran- 
ules. However,  the  axopods  of  Hehozoa  and  Radiolaria  are  very  contractile 
and  are  birefringent.^^  These  axopods  may  well  represent  an  intermediate 
state  of  organization  between  the  weakly  contractile  gel  of  rhizopods  or 
myxomycetes  and  true  muscle. 

The  difference  in  the  effect  of  pressure  on  muscle  and  amoebae  may  be 
explained  as  follows:  solation  in  amoebae  may  result  from  either  blocking 
the  gelation  process  or  reducing  gel  rigidity  or  organization;  in  muscle  the 
enhancement  of  contraction  may  be  due  to  the  effect  of  pressure  on  the 
process  of  activation  of  the  contractile  proteins.  This  interpretation  is  sup- 
ported by  the  fact  that  if  pressure  is  applied  after. the  beginning  of  con- 
traction in  muscle  the  tension  is  actually  reduced.^  It  would  be  of  interest 
to  know  the  effect  of  pressure  on  contraction  of  actomyosin  fibers  and  on 
the  axopods  of  Heliozoa  and  Radiolaria. 

The  ejiergy  basis  for  the  gel  contractility  in  amoeboid  movement  is  un- 
known. Amoebae  can  move  for  long  periods  in  the  absence  of  oxygen,  but 
the  rate  of  locomotion  gradually  declines.^^-  --  Newly  formed  pseudopods 
are  more  sensitive  to  cyanide  than  are  the  posterior  regions.^''  Enucleated 
fragments  of  amoebae  round  up  and  cease  movement. 

The  preceding  evidence  indicates  that,  although  there  may  be  minor 
variations  in  amoeboid  movement  with  different  cell  and  pseudopod  types, 
the  basic  pattern  is  the  same  in  all  amoeboid  cells.  Velocity  of  locomotion 
appears  to  be  more  closely  related  to  the  elastic  tension  of  the  plasmagel  than 
to  the  amount  or  viscosity  of  the  gel.  The  gel  may  contain  polypeptide 
chains  which  are  in  a  contracted  state  but  which  are  less  organized  than 
corresponding  chains  in  muscle.    Detailed  information  is  lacking  regarding 
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the  adhesiveness  of  the  plasmalemma,  the  method  of  interconversion  of  gel 
and  sol,  and  the  micellar  state  which  gives  contractile  power  to  the  gel. 

MOVEMENT  IN  GREGARINES 

Gregarines  are  parasitic  in  certain  invertebrates,  particularly  in  oligo- 
chaetes  and  arthropods,  and  their  trophozoites  are  motile.  They  have  an  outer 
layer  of  myonemes  or  contractile  fibrils,  which  cause  movement  of  the  body 
in  a  variety  of  directions  and  are  responsible  for  most  of  their  locomotion. 
In  addition,  the  cells  secrete  a  mucous  film  which  has  been  said  to  have  a 
locomotor  function.  This  film  must  favor  attachment,  but  evidence  that  it 
has  a  propulsive  function  is  not  convincing. 
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CHAPTER  18 


Cilia 

r 

V  J   ILIA  ARE  PERMANENT  MOTOR  differentiations  at  the  cell  surface 

m.  y\    which  are  capable  of  performing  work  by  their  rapid  and 

^^^^^r  '  usually  rhythmical  movement.  They  are  often  divided  into  two 
types:  (1)  flagella,  which  are  relatively  larger  organelles  and  which  are  present 
usually  singly  or  in  small  numbers  upon  cells;  and  (2)  cilia  proper,  which  are 
relatively  much  smaller  and  occur  characteristically  in  large  numbers  upon 
each  cell.  Typical  flagella  are  common  among  the  Mastigophora  of  the  phylum 
Protozoa,  the  choanocytes  of  the  Porifera,  the  gastroderm  of  many  coelenter- 
ates,  the  flame  end-bulbs  of  certain  rotifers,  the  solenocytes  of  annelids,  and  the 
sperm  cells  of  most  groups  throughout  the  animal  kingdom.  Cilia  proper  are 
characteristic  of  the  ciliated  protozoans  and  are  found  o\'er  more  or  less  of 
the  body  surface  of  coelenterates,  Turbellaria,  and  Nemertea.  In  all  other 
phyla  of  animals  except  the  Nematoda  and  the  Arthropoda  (excluding  the 
Onychophora),  they  are  found  at  certain  locations  in  or  on  the  bodv. 

Ciliary  activity  is  restricted  to  an  aqueous  medium,  and  hence  is  found 
only  on  surfaces  which  are  submerged,  or  at  least  covered  by  an  aqueous 
film.  By  typical  ciliary  movement  two  tvpes  of  observed  results  may  be  ob- 
tained, depending  on  the  inertia  of  the  ciliated  surface.  If  the  latter  is  small, 
then  a  movement  of  the  ciliated  surface  through  the  medium,  or  locomotion, 
results;  if,  on  the  other  hand,  the  ciliated  surface  is  large,  or  the  ciliated 
structure  is  not  free  to  move,  the  external  medium  is  caused  to  move  over 
the  ciliated  surface.  It  is  therefore  obvious  that  ciliated  surfaces  can  become 
most  effective  for  rapid  locomotion  only  in  small  organisms  such  as  pro- 
tozoa, ciliated  larvae,  etc.  In  such  forms  acceleration  to  maximum  speed  is 
very  rapid,  and  the  organisms  stop  very  quickly  on  cessation  of  their  ciliary 
activity. 

Larger  organisms  may  be  moved  only  sluggishly  by  cilia.  Acceleration  is 
generally  slow,  and  the  animal  fails  to  come  rapidly  to  a  halt  on  cessation 
of  ciliary  beat.  Furthermore,  unless  such  larger  free-swimming  organisms  as, 
for  example,  ctenophores,  possess  a  density  very  close  to  that  of  the  sur- 
rounding medium,  cilia  are  powerless  to  serve  effectively  as  locomotory  or- 
ganelles. It  is  interesting,  therefore,  that  the  comb-jelly,  Plenrohrachia,  with 
a  water  content  of  94.73  per  cent,  has  a  density  of  1.02741,  very  close  indeed 
to  that  of  the  surrounding  sea  water.^^-  ^^ 

Cilia  are  locomotor  organelles  also  in  many  small  worms,  in  numerous 
rotifers,  and  even  in  certain  snails,  e.g.,  in  Nassa. 

It  is  perhaps  significant  that,  whereas  activity  of  most  ciliated  surfaces  is 
continuous  throughout  the  life-time  of  the  animal,  cilia  whose  primary  func- 
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tion  is  locomotion  commonly  show  the  characteristic  of  being  under  the  con- 
trol of  the  coordinative  mechansim  of  the  organism,  enabling  the  animal  to 
orient  its  movement,  or  cease  moving.  This  control  of  locomotor  ciliation  ap- 
pears to  be  superimposed  upon  a  fundamental  ciliary  automaticity.-" 

In  those  instances  in  which  the  surrounding  medium,  rather  than  the  cili- 
ated cells,  is  caused  to  move,  cilia  may  be  'subserving  one  or  more  of  numer- 
ous functions,  such  as  feeding,  circulation,  cleansing,  respiration,  and  the 
movements  of  materials  within  ducts.  The  action  of  cilia  establishes  feeding 
currents  for  many  ciliate  protozoans  and  for  sessile  or  sluggish  species  in  a 
wide  variety  of  animal  groups.  The  feeding  currents  of  rotifers  are  easily  ob- 
served. The  ciliary  activity  of  the  tentacles  and  oral  regions  of  numerous 
sea  anemones  and  corals  serves  to  sweep  non-nutritious  particles  away  from 
the  mouth  and  off  the  tips  of  the  tentacles  into  the  surrounding  sea  wa- 
jgj.  5.5,  79  However,  in  the  presence  of  food,  the  tentacles  which  are,  in  re- 
sponse to  the  food,  tipped  toward  the  oral  cavity  pass  these  materials  into 
the  gastrovascular  cavity.  In  Metridium  marginatuvi,  among  other  species,  it 
has  been  reported  that  the  direction  of  the  effective  beat  of  the  cilia  in  the 
stomodaeum  is  reversed  under  the  stimulus  of  food.'^^' '''  The  unstimulated 
cilia  normally  beat  outward,  but  in  the  presence  of  food  such  as  crab  flesh 
they  beat  inward.  KCl  produces  an  action  similar  to  that  produced  by  food.'^^ 
In  Actinoloha  there  are  longitudinal  grooves  in  the  stomodaeum,  the  cilia 
on  the  ridges  beating  outward  and  those  in  the  grooves  beating  inward.  The 
degree  of  muscular  contraction  of  this  organ  would  therefore  be  expected  to 
influence  strongly  the  direction  of  the  dominant  currents  created.^"* 

Probably  nowhere  in  the  animal  kingdom  are  ciliary  mechanisms  more  in- 
tricately developed  than  in  the  ciliary  filter-feeders,  principally  the  lamelli- 
branchs,^'  ^^'  '^  certain  gastropods,^^  and  protochordates.''^  Here  the  sys- 
tems are  so  organized  that  cilia  set  up  feeding  currents,  filter  out  suspended 
particles,  collect  them  into  specific  ciliary  tracts,  and  convey  them  to  the 
oral  opening  of  the  digestive  tract.  Along  the  route  special  ciliary  mechan- 
isms for  sorting  out  the  particles  on  the  basis  of  size,  discarding  the  larger 
ones,  are  not  uncommon. 

Materials  are  transported  within  the  digestive  systems  of  numerous  in- 
vertebrates by  ciliary  action.  Definite  courses  of  circulation  through  the 
coelenteron  canal  systems  of  Aurelia~-  and  Pleurohrachia}'^  have  been  lucidly 
described.  Ciliary  circulation  is  an  important  means  of  the  movement  of 
food  in  the  digestive  system  of  some  echinoderms,^^'  numerous  molluscs,^ 
and  manv  other  organisms. 

A  cleansing  role  of  cilia  appears  evident  on  the  basis  of  the  normal  direc- 
tion of  the  effective  beat  in  sea  anemones.  In  many  starfish  cilia  beat  from 
mouth  toward  anus  over  the  entire  surface,  sweeping  away  debris.  The  action 
of  the  cilia  of  the  epithelium  of  the  frog's  mouth  and  that  of  the  ciUa  of  the 
respiratory  epithelium  of  mammals  appear  also  to  be  largely  examples  of 
this  role. 

Clear  demonstration  that  cilia  play  a  role  in  facilitating  respiratory  ex- 
change, apart  from  the  functions  which  have  already  been  described,  is 
usually  impossible.  Any  constant  exchange  of  the  medium  in  intimate  contact 
with  the  ciliated  epithelium  would  accomplish  such  a  function  in  at  least 
some  degree. 
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Cilia  are  essential  to  the  normal  circulation  of  the  body  fluids  by  some 
annelids  such  as  the  pelagic  polychaete,  Tomopteris,  and  the  sipunculoids 
and  echiuroids,^^'  "'^  where  a  true  circulatory  system  is  vestigial  or  absent. 
The  coelomic  fluids  are  caused  to  circulate  in  a  very  effective  manner  by  the 
action  of  specifically  organized  and  directed  ciliary  tracts.  The  coelomic  fluids 
of  starfish  are  circulated  in  a  similar  fashion,  the  action  of  cilia  even  effec- 
tively providing  for  circulation  within  the  dermal  papillae.  The  cerebrospinal 
fluid  of  the  \'ertebrate  has  been  reported  to  be  circulated  by  action  of  cilia  of 
walls  of  the  ventricles." 

In  numerous  instances  among  animals,  particularly  in  the  tubules  of 
nephridia  and  kidneys  and  in  ducts  of  the  genital  system,  cilia  are  respon- 
sible for  facilitating  the  passage  of  the  materials  normally  conducted. 

The  foregoing  brief  summary  of  the  distribution  and  general  roles  of  cilia 
indicates  the  abundant  occurrence  and  varied  functional  significances  of 
these  organelles.  Although  they  are  by  no  means  able  to  produce  movements 
of  the  power  and  conspicuousness  of  rhose  produced  by  muscle  contraction, 
there  are  abundant  instances  where  cilia  normally  are  highly  essential  func- 
tional constituents  of  the  organism.  And  in  numerous  of  these  instances  they 
perform  functions  in  a  far  more  efficient  and  effective  fashion  than  could 
probablv  be  done  b\  any  conceivable  typical  muscular  mechanism. 

The  Structure  of  Cilia.  Cilia  in  Hving  cells  show  a  great  uniformity  of 
structure  and  organization.  The  cilium  appears,  optically,  quite  homoge- 
neous. In  appropriately  treated  ciliated  cells  the  cilium  can  be  seen  to  com- 
prise a  sheath  containing  an  axial  filament.  The  sheath  may  be  circular  or 
ovoid  in  cross  section.  The  contained  axial  filament  may  pursue  a  straight 
course  through  the  sheath  or  may  follow  a  spiral  one.  The  axial  filament 
not  uncommonlv  extends  distallv  beyond  the  limits  of  the  sheath. 

The  flagellum  of  some  flagellates,  e.g.,  Eiiglena,  has  attached  to  the 
sheath  a  series  of  diagonally  oriented  rodlets  or  mastigonemes  which  give  the 
flagellum  a  feathery  appearance.-^'  ^■•-  "^-  '^^  Flagella  of  this  structure  are  va- 
riously called  '"feather-type,"  "ciliary,"  or  "stichonematic,"  in  contrast  with 
the  simpler  whiplike  type.  The  proximal  end  of  the  axial  filament  is  invari- 
ably associated  with  a  basal  granule,  which  is  believed  to  be  derived  from  the 
cell  centrosome.  Many  cytologists  have  described  systems  of  fibrils  proceeding 
from  the  basal  granules  to  the  \'icinity  of  the  cell  nucleus. 

The  flagellum  of  Euglena  has  been  shown,  after  treatment  with  osmic 
acid,  to  be  resolvable  into  four  longitudinal  unbranched  fibrils  spirally 
twisted  over  one  another.^"  A  similar  ultrastructure  has  been  disclosed  with 
the  aid  of  electron  micrographs  (Fig.  242)  for  the  cilia  of  Paramecium. 
Frontunia,  CoJpidiinn,''''--^^-^^  and  the  ciHa  of  the  clam  gill.  In  the  tail  of 
the  squid  sperm  the  number  of  these  longitudinal  fibrils  is  9  or  10,  and  this 
number  shows  verv  little  variation  among  numerous  sperm  cells  from  this 
animal. 

The  foregoing  observation,  together  with  the  fact  that  cilia  show  positive 
form  and  intrinsic  birefringence,*'"*'  *'•'  all  indicate  that  longitudinally  ori- 
ented submicroscopic  micelles  compose  the  cilium.  In  this  characteristic, 
therefore,  cilia  have  much  in  common  with  contractile  fibrils  of  muscle  tissue. 
Cilia  often  appear  as  compound  organelles  composed  of  numerous  simpler 
units.  The  cirri  of  Euplotes  or  the  large  cilia  of  Nephthys  gills  may  be  re- 
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garded  as  composite  bodies  comprising  numerous  cilia  arising  from  a  num- 
ber of  basal  granules  in  a  circular  or  ovoid  field/"'"'  The  ciliary  elements  ad- 
here closely  to  one  another  in  a  viscous  matrix.  The  cilia  of  such  a  cirrus 
beat  in  unison.  Membranelles  of  the  adoral  region  of  manv  pcritrichs  are 
small  platelets  of  fused  cilia  beating  synchronously.  The  undulating  mem- 
branes of  ciliates  such  as  Blepharisma  are  long  rows  of  cilia,  each  adhering 
to  its  neighbors.  The  compound  character  of  the  membrane  mav  often  be 
demonstrated  by  its  fragmentation  by  appropriate  manipulation  with  a 
microdissecting  needle.'^  The  component  cilia,  when  separated  from  one  an- 
other, beat  quite  independently;  when  they  have  reunited,  the  characteristic 
coordinated  activity  giving  rise  to  the  undulatory  movement  is  restored. 
Such  an  activity  is  the  result  of  the  metachronic  wave  of  ciliary  activity  pro 
cceding  at  right  angles  to  the  effective  and  recoverv  strokes. 


Fig.  242.  Electron  micrograph  of  a  cilium  from  Paramecium,  shadow-cast  with  chromium. 

From  Jakus  and  Hall.™ 

Characteristics  of  Ciliary  Movement.  The  activity  of  any  cilium  may  be 
resolved  into  one  or  another,  or  some  combination,  of  three  fundamentally 
different  types  of  movement.-*'  One  of  these  is  pendular  movement  in 
which  the  cilium  bends  back  and  forth,  flexing  only  at  its  base.  No  differ- 
ence in  the  form  of  the  cilium  is  observed  between  the  effective  and  the 
recovery  phases  of  its  stroke,  the  former  simply  occurring  more  rapidly  than 
the  latter.  1  his  type  of  movement  is  seen  in  the  cirri  of  hypotrichs.  A  second 
type  of  movement  is  a  flexural  one.  Bending  begins  first  at  the  tip  of  the 
cilium  and  passes  toward  its  base;  in  recovery,  the  cilium  progressively 
straightens  from  base  to  tip.  Such  hooklike  bending  is  observed  in  the 
latero-frontal  cilia  of  lamellibranch  gills.  The  third  fundamental  type  of 
ciliary  activity  is  undulatory  movement.  This  type  is  characteristic  of  flagella. 
In  this  type  of  movement  waves  pass  along  the  flagellum  from  base  to  tip  of 
the  organelle,  apparenth'  ne\er  in  the  rexerse  direction. 

A  type  ol  ciliary  activity  involving  a  combination  of  pendular  and  flexural 
activities  is  obserxed  in  the  frontal  cilia  of  the  gill  of  Mytihis'-*'  (Fig.  243^. 
The  effective  stroke  is  a  rapid,  stiffly  sweeping,  pendular  movement  with  the 
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concavity  of  the  mildly  curved  cilium  in  advance.  The  recovery  stroke  in- 
volves a  bending  back  again  of  the  base  of  the  cilium  and  then  a  progressive 
passage  of  this  flexion  to  the  tip.  The  efTective  stroke,  therefore,  appears  to 
involve  movement  of  a  rigid  cilium,  whereas  recovery  appears  to  be  con- 
cerned with  a  progessive  stiffening  from  base  to  tip  of  an  initially  Hmp 
structure. 

Combinations  of  pendular  and  undulatory  movements  are  found  in  the 
vibratile  organs  of  the  mammalian  epididymis*^-  and  in  a  number  of  flag- 
ellates as,  for  example,  in  Trypanosoma.''^'  In  such  organisms  as  the  latter 
the  undulatory  and  pendular  movements  need  not  occur  in  a  single  plane, 
nor  need  the  two  occur  simultaneously  in  the  same  plane.  Thus  the  tip  of 
the  flagellum  in  the  course  of  its  beat  may  trace  out  an  elliptical  orbit,  a 
figure  8,  or  a  more  complicated  figure. 

The  single  vibratile  element  of  the  flagellate,  Monas,  has  been  described 
to  possess  the  capacity  to  carry  out  numerous  types  and  combinations  of 
activities."*-  Forward  movement  is  accomplished  by  a  rapid  pendular  move- 
ment of  the  flagellum  from  a  position  directed  forward  to  one  at  about  right 
angles  to  the  direction  of  progression.  The  recovery  stroke  is  a  typical  flex- 
ural  recovery  (Fig.  244,  A).  The  effective  stroke  may,  instead,  be  initiated 
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Fig.  243.    Movement  of  a  frontal  cilium  of  Mytilus:  a,  effective  and  h,  recovery  stroke. 

From  Gray."' 

near  the  base  and  rapidly  pass  toward  the  tip.  In  slower  forward  movement, 
the  total  sweep  of  the  flagellum  may  be  reduced  to  about  half  the  normal 
amplitude,  but  with  the  typical  form  of  beat  seen  in  rapid  progression  (Fig. 
244,  B).  Backward  progression  is  brought  about  by  undulatory  activity  with 
the  waves  passing  from  base  to  tip  of  the  organ  (Fig.  244,  C).  Lateral  move- 
ments are  the  result  of  undulatory  movements  of  a  flagellum  flexed'^^  at  about 
90  degrees  (Fig.  244,  D).  Directing  the  flagellum  backward  results  in  for- 
ward movement.  The  undulatory  activity  may  involve  only  the  tip  of  the 
flagellum,  or  practically  its  whole  course. 

The  activity  of  the  flagellum  has  been  investigated  with  the  aid  of  high 
speed  cinema  photomicrography.'^^'  •^"  Undulatory  activity  of  the  flagellum 
exerts  only  a  pushing  action  on  the  medium.  Forward  locomotion  in  such 
common  species  as  Peranevia  and  Eiiglena,  in  which  the  flagellum  was  for- 
merly believed  to  pull  the  organism  and  hence  function  as  a  tractellum,  ap- 
pears to  result  from  a  bending  of  the  whole  flagellum,  or  at  least  of  its  active 
tip,  backward. "^^^  '^^  The  undulatory  activity  typically  passes  from  base  to  tip 
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around  the  flagellum,  as  well  as  along  it.  Such  movement  imparts  rotational 
and  gyrational  components  alopg  with  a  usual  backward  thrust.  The  re- 
sulting rotation  and  gyration  of  the  body  of  the  flagellate  around  an  axis 
which  constitutes  the  direction  of  locomotion  is  considered  to  provide  an  im- 
portant, if  not  the  chief,  force  propelling  the  organism  forward.  The  body 
proper  acts  under  these  circumstances  as  a  screw-propeller.'^**-  ''•' 

From  the  preceding  paragraphs  we  see  clearly  that  ciliary  activity  varies 
greatly  in  its  complexity  and  variability  in  a  single  cilium.  Some  cilia  appear 
to  show  a  simple  and  uniform  activity,  others  show  considerable  variability, 
more  or  less  under  the  control  of  the  general  response  mechanism  of  the 
body. 

Cilia  are  able  to  propel  an  organism  through  the  water,  or  propel  the  sur- 
rounding medium  past  a  stationary  ciliated  cell  as  a  result  of  a  directed 
thrust  upon  the  medium.  More  work  must  be  done  upon  the  medium  dur- 
ing the  effective  phase  of  a  stroke  than  during  recovery.  In  those  cases 
where  the  eff^ective  stroke  is  of  the  pendular  type  and  recovery  is  of  the 
flexural  type,  the  mechanism  is  obvious.  Simple  pendular  ciliary  activity 
would  be  expected  to  be  quite  an  inefficient  type  for  directed  movement.  In 
undulatory  activity  the  thrust  upon  the  medium  is  dependent  on  the  progres- 
sion of  a  wave  along  the  vibratile  organ.  A  standing  wave  would  obviously 
exhibit  an  equalization  of  all  pulls  and  thrusts.  A  wave  passing  from  base  to 


Fig.  244.   Some  activities  of  the  flagellum  of  Monas  during  locomotion.   Arrows  indicate 
direction  of  movement  of  the  organism.  (Redrawn  from  Krijgsman).^" 

tip  would  exert  a  thrust  away  from  the  cell  upon  the  medium,  proportional 
to  its  rate  of  transmission  along  the  flagellum. 

Although  cilia  appear,  on  observation,  to  move  through  the  medium  at  a 
very  high  rate,  they  are  actually  moving  very  slowly,  as  a  simple  calculation 
will  show.  The  angular  velocity  of  the  cilia  is  high,  as  is  seen  from  the 
fact  that  a  cilium  may  show  ten  or  twelve  cycles  per  second,  but  the  tip  of  a 
cilium  is  actually  moving  through  the  medium  at  a  maximum  rate  of  only 
a  few  feet  per  hour,  a  rate  quite  slow  in  terms  of  propulsive  instruments  of 
the  type  of  which  we  ordinarily  think.  The  rate  of  the  effective  stroke  is 
usually  2  to  5  times  that  of  the  recovery. 

The  reversal  of  the  direction  of  effective  beat  of  cilia  has  often  been  re- 
ported. The  most  evident  instances  of  this  phenomenon  lie  among  •^he  ciH- 
ated  protozoans  and  small  turbellarians,  such  as  Stenostovmin,  \>  liose  re- 
versal of  direction  of  locomotion  may  reflect  this  reversal  of  active  fv.  Some 
early  reported  cases  of  ciliary  reversal  among  metazoans  appear  to  i.ad  their 
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explanation  in  terms  other  than  that  of  a  reversal  of  the  direction  of  beat 
of  individual  cilia.  The  apparent  reversal  on  the  labial  palps  of  Ostrea^^ 
and  probably  also  in  the  gullet  of  the  coelenterate,  Actinoloba,^-^  appears 
to  be  explicable  in  terms  of  opposite  directions  of  beat  of  cilia  of  longitudinal 
grooves  and  ridges,  together  with  muscular  movements  making  one  or  the 
other  of  the  tracts  dominantly  influential. 

The  cilia  of  the  lips  and  gullet  of  the  sea  anemone,  Metridiwn,  and  also 
other  species  of  anthozoans,  whose  tentacles  are  too  short  for  successful 
transport  of  food  to  the  mouth,  appear  capable  of  reversal  of  beat  in  re- 
sponse to  direct  stimulation  by  chemical  agents.  In  the  normal  unstimulated 
anemone  the  cilia  beat  outward.  When,  however,  a  piece  of  food  material 
such  as  crab  flesh  is  brought  into  contact  with  the  ciliated  epithelium,  those 
cilia  in  the  immediate  region  of  the  food  reverse  their  beat,  now  carrying 
the  food  into  the  gullet.  Immediately  following  passage  of  the  particle  the 
cilia  resume  their  outward  beat. 

The  effect  of  crab  flesh  in  inducing  ciliary  reversal  in  the  Metridium  can 
be  imitated  through  the  application  of  2^^  per  cent  KCl  in  sea  water  or  the 
addition  of  glycogen, ^'^  etc.  After  this  treatment  the  direction  both  of  the 
effective  stroke  and  of  the  metachronic  wave  is  reversed.  Such  treatment 
does  not  reverse  the  direction  of  beat  of  the  cilia  of  the  tentacle  or  siphon- 
glyphs. 

In  Paramecium  ciliary  reversal  is  effected  by  treatment  with  KCl  and 
salts  of  other  monovalent  cations.^^-  ^-  When  the  animal  is  subjected  to  an 
electric  field,  there  is  a  reversal  of  beat  of  cilia  on  the  end  of  the  animal 
nearer  the  cathode. 

The  only  seemingly  genuine  instance  of  ciliary  reversal  in  higher  meta- 
zoans  appears  to  be  in  the  ectodermal  cilia  of  amphibian  larvae.''"  Here  local 
ciliary  reversal  is  observed  in  response  to  mechanical  stimulation.  In  all 
other  carefully  studied  ciliated  epithelia  in  higher  metazoans,  reversal  is 
apparently  impossible. 

Ciliary  Control  and  Coordination.  Cilia  appear  to  show  a  well  developed 
automaticity.  The  cilia  of  ciliated  epithelium  of  even  small  areas  of  the  tissue 
continue  to  beat  after  removal  from  the  organism.  In  protozoans  the  cilia  of 
even  small  fragments  of  an  individual  will  continue  to  beat  for  some  time, 
even  in  the  absence  of  any  nuclear  material.  Sperm  cells  with  the  head  re- 
moved continue  to  show  active  locomotion.  Such  observations  indicate  that 
the  automaticity  of  ciliary  action  resides  entirely  in  the  cilium  and  an  im- 
mediately adjacent  region  of  the  cell.  A  number  of  observations  suggest  that 
an  organic  connection  with  the  basal  granules  is  essential  to  the  beat.  Sep- 
arating the  middle  piece  from  a  sperm  tail  or  stripping  away  the  surface  of 
a  ciliated  epithelium  in  such  a  manner  as  to  break  the  connections  be- 
tween the  cilia  and  the  underlying  layer  of  basal  granules  is  re- 
ported to  result  in  an  immediate  cessation  of  ciliary  beat.-"  It  is  not 
yet  fully  established  whether  it  is  the  basal  granules  themselves  or  some 
other  functional  elements  in  the  same  general  area  which  are  essential  for 
normal  activity. 

The  cilia  of  any  ciliated  surface  exhibit  through  their  metachronism  evi- 
dence of  the  presence  of  a  general  coordinating  mechanism.  Metachronism  is 
a  term  applied  to  the  characteristic  beating  of  the  cilia  in  any  ciliated  epithe- 
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lium  in  one  direction  in  a  regular  sequence  (Fig.  245).  Each  cilium  is  very 
slightly  out  of  phase  with  its  neighbor  in  front  of  and  the  one  behind  it. 
This  fact,  together  with  the  fact  that  the  cilia  at  right  angles  to  this  wave 
of  activity  are  beating  in  phase  with  one  another,  gives  the  visual  impres- 
sion of  waves  passing  over  the  epithelium.  The  crests  of  the  waves  include 
those  cilia  at  the  peak  of  their  effective  stroke;  the  troughs  include  those 
cilia'  at  the  ends  of  their  effective  strokes  and  about  to  commence  their  re- 
covery. 

The  direction  of  the  mctachronic  wave  in  a  ciliated  surface  appears  to  be 
as  fundamental  a  property  of  the  surface  as  the  direction  of  ciliary  beat. 
Even  a  small  isolated  portion  of  a  ciliated  surface  continues  to  show  its  own 
inherent  direction  of  metachronism.  This  is  not  disturbed  by  removing  and 
then  replacing  after  rotating  through  180°  a  portion  of  the  ciliated  epithe- 
lium of  the  roof  of  a  frog's  mouth.'*  In  these  circumstances  the  transplanted 
portion  has  its  metachronic  wave  proceeding  in  a  direction  opposite  to  that 
in  the  surrounding  tissue. 
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Fig.  245.  Diagrammatic  representation  of  the  metachronal  rhythm. 
Cilia  1  to  12  are  beating  in  sequence.  From  Gray."* 

Among  ciliated  tissues  from  various  sources,  the  direction  of  the  meta- 
chronic wave  bears  no  constant  relationship  to  the  direction  of  the  effective 
stroke.  In  some,  as  in  the  frog's  mouth,  the  metachronic  wave  and  ciliary 
effective  strokes  are  in  the  same  direction.  In  the  rows  of  ciliated  combs  of 
ctenophores  the  two  are  in  opposite  directions.^®  •''•*'•  In  the  cilia  of  the  gills  of 
the  annelid,  Nephthys,^^  and  in  the  lateral  ciliated  epithelium  of  Mytilus 
gills-*^  the  metachronic  wave  is  always  at  right  angles  to  the  effective  stroke. 
There  is  no  essential  fixed  relationship  between  the  two. 

Little  is  known  of  the  mechanisms  of  the  coordination  and  control  of 
cilia.  There  is  reason  to  believe  that  it  is  more  complex  among  protozoans, 
in  which  a  number  of  complex  locomotory  patterns  are  exhibited  by  a  single 
individual,  than  in  the  ciliated  epithelia  of  the  larger  metazoan  invertebrates 
and  vertebrates.  In  these  higher  animals  the  pattern  of  coordination  seems 
for  the  most  part  to  be  a  highly  invariable  one.  Among  the  protozoans  there 
appear  to  be  definite  species  differences  in  the  pathways  of  the  metachronic 
wave.  This  is  not  interfered  with  by  a  transverse  cut  deep  into  the  animal 
in  Spirostomutn  and  Stentor,  but  coordination  on  the  two  sides  of  such  an 
incision  is  lost  in  Paramecium.^^  Transmission  of  the  metachronic  wave 
would  appear  to  be  by  way  of  a  conducting  network  in  the  ectoplasm,  per- 
mitting passage  in  all  directions  through  the  ectoplasm  in  the  former  species 
and  only  along  ectoplasmic,  longitudinal  pathways  in  the  latter.  In  view  of 
the  fact  that  the  silver-line  systems  of  ectoplasmic  fibrils  in  the  first  two 
species  show  the  form  of  a  network  connecting  the  basal  granules,  and  in 
the  latter  species  possess  the  form  of  only  longitudinal  fibrils,  it  has  been 
suggested  that  this  fibrillar  system  forms  the  conducting  pathway  for  the 
metachronic  wave  in  protozoans. 


648 


Comparative  Animal  Physiology 


Studies  on  the  progressive  anesthetization  of  the  ciliary  mechanism  have 
shown  that,  in  protozoans,  the  first  thing  to  be  lost  is  the  power  of  ciliary 
reversal.  At  a  later  stage  metachronic  coordination  is  lost,  leaving  the  cilia 
beating  independently.  Last  of  all,  the  cilia  entirely  cease  their  activity. 
This  observation  has  led  to  the  hypothesis  that  ciliary  beat,  metachronism, 
and  reversal  are  controlled  by  three  separate  mechanisms.  Reversal  must  be 
governed  by  a  mechanism  of  relatively  rapid  transmission  affecting  all  cilia 
of  the  organism  nearly  simultaneously  and  passing  in  all  directions  over  the 
animal.  Transverse  cuts  passing  deeply  into  those  protozoans  investigated  in 
this  regard  do  not  measurably  interfere  with  the  transmission  of  excitation  in 
response  to  stimuli  which  induce  ciliary  reversal. 


Fig.  246.  Diagram  of  a  ciliated  epithelial  cell  of  Anodonta  showing  regions  where  cuts 
were  made.  Cut  at  A  always  resulted  in  cessation  of  ciliary  beat.  Cuts  at  B  through  F 
permitted  continuation  of  beat  but  resulted  in  more  or  less  loss  of  normal  coordination. 
Cuts  at  G  through  J  resulted  in  no  apparent  disturbance  of  normal  ciliary  activity.   From 

Worley.'^ 

Support  for  the  concept  of  the  transmission  of  excitation  in  intracellular 
ciliary  coordination  by  a  fibrillar  system  has  come  from  microdissection 
studies  of  the  ciHated  epithelial  cells  of  clam  gills'^^'  '^^'  ''^  (Fig.  246).  Cuts 
through  the  distal  third  of  the  cell  containing  the  ciliary  cone  of  intracellular 
fibrils  destroy  ciliary  coordination;  cuts  through  any  level  of  the  proximal  two- 
thirds  have  no  such  effect.  Only  when  transverse  cuts  are  in  the  immediate 
region  of  the  basal  granules  themselves  does  even  the  uncoordinated  ciliary 
beat  cease.  Waves  of  ciliary  metachronism  pass  smoothly  over  large  sheets 
of  ciliated  epithelial  cells;  the  mechanism  for  this  intercellular  transmission 
is  unknown. 

Although  ciliary  beat  appears  in  general  to  be  the  result  of  an  automaticity 
of  the  cilipry  mechanism,  yet  there  are  numerous  bits  of  evidence  that  cilia 
in  many  cases  are  controlled  in  their  ac'ivities  by  moie  basic  response  mech- 
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anisms  within  the  organism.  Such  hypotrichs  as  Uronychia  and  Euplotes 
show,  not  one  type,  but  several  types  of  locomotory  pattern.''^  A  role  of  the 
neuromotor  system  in  control  of  locomotion  in  Euplotes  has  been  indicated 
from  experimental  destruction  of  parts  of  this  system  (Ch.  23).  In  a  number  of 
metazoans  both  direct  and  indirect  evidence  has  been  advanced  pointing  to 
nervous  modification  of  ciliary  activity. ^'■*'  ^°'  ^^'  •*- 

The  rows  of  ciliarv  combs  of  ctenophores  are  controlled  by  impulses  pass- 
ing out  over  the  paddle  rows  from  the  aboral  sense  organs.^-  ^'^  The  ciliary 
locomotory  systems  of  the  turbellarian,  Stenostomiim,  and  of  the  ciliated 
larvae  of  many  molluscs  and  annelids  are  known  to  be  under  the  control  of 
the  nervous  system.**  The  cilia  may  be  active  or  motionless  or,  in  the  case  of 
Stenostomum,  reversed.  A  freshly  isolated  piece  of  ciliated  lip  of  the  snail 
Physa  shows  no  ciliary  activity  unless  a  nerve  fiber  innervating  this  region 
is  stimulated.^*"'  On  the  other  hand,  Alectrion,  whose  locomotion  is  largely 
dependent  on  pedal  ciliary  activity,  can  inhibit  these  cilia. ^-  If  the  foot  is  ex- 
cised, there  is  first  cessation  of  ciliarv  beat,  which  is,  however,  graduallv  re- 
sumed again  a  short  time  after  its  removal,  and  then  the  beat  continues 
unabated  for  the  remainder  of  the  life  of  the  ciliated  epithelium. 

The  cilia  of  the  frog's  mouth  have  been  found  to  be  accelerated  greatly 
and  the  amplitude  of  the  beat  increased  after  electrical  stimulation  of  cer- 
tain cranial  nerve  fibers."^  There  is  a  latent  period  of  about  a  second  be- 
tween beginning  of  stimulation  and  the  response.  The  influence  of  the  ner- 
vous stimulation  persists  for  as  long  as  10  minutes.  It  is  not  yet  clearly  shown 
whether  these  fibers  are  of  ^mpathetic  or  parasympathetic  character,  al- 
though the  bulk  of  the  evidence  appears  to  suggest  their  belonging  to  the 
facialis  group.  Acetylcholine  has  been  reported  to  increase  ciliary  activity. 
In  further  support  of  normal  nervous  control  of  the  cilia  of  the  frog's  mouth 
is  the  observation  that  these  cilia  are  normally  quiescent;^'*' ''^  they  com- 
mence to  beat  in  response  to  such  stimuli  as  the  addition  of  foreign  par- 
ticles. After  these  particles  are  swept  away  the  ciliary  beat  again  ceases. 

Influence  of  Environmental  Factors  on  Ciliary  Activity.  Probably  the 
two  most  important  environmental  factors  normally  influencing  ciliary  activ- 
ity are  temperature  and  hydrogen  ion  concentration.  The  maximum  rate  of 
ciliary  activity  occurs  at  about  34°  C.  CMytilus  gill)  and  35°  C.  (ciliated 
epitheUum  of  the  frog's  mouth).---  -^'  ^^  The  Qio  varies  with  the  tempera- 
ture range  for  which  it  is  determined.  For  Mytilus  gill  cilia  it  ranges  from 
about  3  at  the  lower  temperatures  to  slightly  less  than  2  at  the  high  end  of 
the  physiological  range.  Above  a  certain  critical  temperature  there  is  a  rapid 
drop  in  rate.  It  seems  reasonable  to  expect  that  the  maximum  temperature 
for  activity  of  ciliated  epithelia  would  be  higher  for  animals  normally 
found  at  higher  temperatures  than  for  animals  living  at  lower  temperatures. 

Hydrogen  ion  concentration,  which  varies  considerably  in  nature,  has  a 
more  profound  influence  on  the  rate  of  ciliary  activity  than  concentration  of 
any  other  ion.**-  -'^-  ^^-  ^^'  ''''  Those  acids  like  carbonic  acid  which  penetrate 
cells  more  rapidly  have  a  greater  effect  than  those  which  penetrate  less  rap- 
idly.-^ Increase  in  hydrogen  ion  concentration  can  cause  cilia  to  become 
completely  quiescent. 

A  biological  significance  of  this  response  of  cilia  to  increased  acidity  is 
seen  in  the  fact  that  in  an  ordinary  bivalve  mollusc  whose  valves  have  been 
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held  tightly  closed  for  two  or  three  hours  out  of  water  there  is  a  high  enough 
concentration  of  CO:.,  to  inhibit  ciliary  activity.  Inasmuch  as  O^  consump- 
tion of  ciliated  tissue  is  a  direct  function  of  the  rate  of  ciliary  activity,  this 
influence  of  CO2  is  obviously  adaptive.  The  minimum  hydrogen  ion  con- 
centration necessary  to  produce  inhibition  of  gill  cilia  varies  with  different 
molluscan  species.  For  example,  it  is  lower  in  Mya,  which  customarily  dwells 
in  well-aerated  water,  than  in  Ostrea  or  Mytilus. 

Another  very  striking  instance  of  an  apparently  adaptive  variation  in  the 
minimal  hydrogen  ion  concentration  essential  for  ciliary  inhibition  has  been 
reported  for  the  cilia  of  the  different  portions  of  the  digestive  tract  of  MyaJ'^ 
There  is  a  deBnite  correlation  between  the  normal  pH  of  each  region  of  the 
digestive  tract  and  the  pH  at  which  the  cilia  of  that  region  are  brought  to 
rest. 

Other  cations  and  also  anions  are  also  known  to  influence  ciHary  activ- 
j,.y  20.  21,  2.S,  24.  25,  29,  33  jj^  general,  these  ions  are  relatively  constant  in  any 
given  environment  in  nature.  The  effects  of  altering  their  concentrations 
and  ratios  appear  to  be  general  physiological  ones,  quite  comparable  to  their 
action  on  all  cells;  and,  as  with  other  cells,  cation  content  of  the  medium 
has  more  influence  on  ciliary  beat  than  has  anion  content. 

Theories  of  Ciliary  Movement.  Little  or  nothing  is  known  of  the  actual 
mechanism  of  ciliary  motion.  Historically,  theories  have  fallen  into  two  gen- 
eral categories:  (1)  those  that  assumed  the  moving  force  to  occur  in  the  cell 
body  proper,  with  the  cilia  acting  only  passively,  and  (2)  those  that  assumed 
that  the  moving  force  occurred  in  the  cilium  itself,  the  cilia  therefore  mov- 
ing as  a  result  of  their  own  contractile  powers.  The  original  proponent  of 
the  view  of  cilia  behaving  as  passive  bodies  was  Schafer,"-*  who  considered 
the  cilia  to  be  hollow  elastic  structures  with  differences  in  the  degree  of 
elasticity  of  various  portions  of  their  walls.  The  cilia  were  believed  to  beat 
as  a  result  of  a  rhythmic  surging  and  ebbing  of  fluid  of  the  cell  body  into 
and  out  of  these  cellular  extensions. 

Much  more  compatible  with  our  modern  theories  of  the  mechanism  of  act 
ion  of  contractile  elements  in  general  is  the  second  type  of  theory,  namely, 
that  the  cilium  itself  is  an  actively  contractile  element  with  only  one  side 
of  the  ciHum  contracting  or  with  the  two  sides  contracting  alternately.  This 
view,  first  clearly  advanced  by  Heidenhain-'*  in  1911,  has  since  acquired 
many  other  advocates.  Supporting  this  point  of  view  are  numerous  observa- 
tions, including  the  fact  that  the  waves  passing  along  a  flagellum  may  often 
show  no  reduction  in  amplitude  as  thev  pass  from  base  to  tip.  Such  a  reduc- 
tion would  be  expected  were  kinetic  energy  generated  only  in  the  cell  body 
proper  at  the  flagellar  base.  In  species  such  as  Peranema,  the  undulatory 
activity  may  be  restricted  exclusively  to  the  tip  region  of  the  flagellum,  the 
remainder  meanwhile  apparently  remaining  quiescent.  Again,  the  use  of 
such  methods  as  transmission  of  polarized  light.  X-ray  diffraction,  and  elec- 
tron micrography  indicates  the  molecular  organization  of  a  cilium  to  resem- 
ble in  a  striking  manner  that  of  muscle  fibrils  which  are  definitely  known  to 
possess  inherent  contractility.  Both  exhibit  a  fibrillar  structure  obviously 
due  to  an  orientation  of  elongated  molecules  or  micelles. 

There  is  as  yet  no  agreement  of  opinion  as  to  which  portion  of  the  cilium, 
the  axial  filament  or  the  sheath,  is  the  actively  contractile  portion.    In  sup- 
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port  of  the  axial  filament  as  the  active  portion  one  can  point  to  the  terminal 
undulation  of  the  flagellum  of  Peranema.  This  portion  of  the  organ  ap- 
pears to  possess  principally  the  axial  fiber. 

The  ciliary  activity  normally  involves  a  utilization  of  oxygen,  the  rate  of 
02-consumption  varying  with  ciliary  rate.-'^  However,  like  muscle,  cilia  ap- 
pear capable  of  acting  for  a  time  anaerobically.  After  administration  of  0.1 
per  cent  NaCN  to  a  fragment  of  Mytilus  gill,  O2  consumption  drops  off 
abruptly,  yet  ciliary  activity  diminishes  much  more  slowly.  Fragments  of 
Mytihis  gill  placed  in  weak  hemoglobin  solutions  in  chambers  perfused 
with  damp  hydrogen  show  ciliary  beat  continuing  for  some  time  after  reduc- 
tion of  the  hemoglobin.  After  ciliary  beat  has  become  very  slow  under  the 
anaerobic  conditions,  rapid  beat  is  restored  quickly  on  readmission  of  oxygen 
and  reoxygenation  of  the  hemoglobin.  The  cilia  of  the  gill  of  Pecten,  on  the 
other  hand,  are  reported  to  cease  beating  immediately  on  removal  of  oxygen,^" 
as  indicated  by  the  reduction  of  dyestuffs  such  as  janus  green  and  neutral 
red,  and  before  nile  blue  is  reduced.  The  cilia  of  Paramecium  cease  activity 
within  a  few  seconds  in  an  O^-free  medium.^"^  It  is  known,  nevertheless,  that 
some  ciliates  are  able  to  carry  on  normal  ciliary  movement  in  natural  envir- 
onments which  are  practically  oxygen-free.  One  can  not  yet  conclude  whether 
the  need  for  O2  differs  qualitatively  or  only  quantitatively  among  different 
species  of  animals. 
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TRICHOCYSTS 


Trichocysts   and  Nematocysts 

T 

■  HE  ECTOPLASM  OF  numcrous  species  of  ciliates  contains  extrusible 
I  bodies  known  as  trichocysts.^-  ^^-  ^  These  are  fusiform  bodies  oriented 
m  obliquely  or  at  right  angles  to  the  surface.  Among  various  proto- 
zoans, they  may  be  uniformly  distributed  over  the  surface,  as  in  Paramecium, 
or  restricted  to  certain  regions,  as  in  the  proboscis  of  Dileptus.  They  may  be 
projected  outward  on  the  ends  of  long  tentacles  in  feeding  specimens  of 
Actinoholina. 

The  trichocysts  appear  to  have  their  origin  within  or  close  to  the  macro- 
nucleus  in  Frontonia.-^  From  here  they  make  their  way  to  their  definitive 
position  in  the  ectoplasm,  completing  their  differentiation  as  they  migrate. 
In  Prorodon,  the  fully  formed  trichocyst  appears  to  have  the  form  of  a 
cylindrical  sac  containing  an  elongated,  coiled  filament.  In  Paramecium  the 
undischarged  trichocysts  may  be  seen  to  possess  an  oval  body  proper,  about 
2-3  IX  long  by  2/3  /a  in  diameter,  and  a  cap-covered  tip  of  slightly  smaller 
diameter.  On  discharge,  the  tip  with  its  covering  cap  is  separated  from  the 
body  proper  through  the  elongation  of  a  shaft. ^■'''  ^^- " 

The  trichocysts  can  readily  be  induced  to  discharge  their  filaments  through 
chemical  (acid  or  base),  mechanical  (pressure),  or  electrical  (condenser  dis- 
charge or  induction  shock)  stimulation.  With  electrical  stimulation  there  is 
an  increase  in  the  number  discharged  as  the  strength  of  the  stimulus  is  in- 
creased.-- The  total  discharge  is  very  rapid,  occurring  in  a  matter  of  a  few 
milliseconds.  The  discharged  trichocyst  is  needle-like  in  general  form,  being 
ten  or  more  times  as  long  as  the  undischarged  body.  The  discharged  tricho- 
cysts of  Paramecium  may  be  40  /u,  long.  The  trichocysts  of  Paramecium  show 
birefringence,  indicating  an  orientation  of  elongated  submicroscopic  particu- 
lates in  the  long  axis  of  the  organelle.-^  A  study  of  the  extended  threads  of 
discharged  trichocysts  of  Paramecium,  with  the  electron  microscope  reveals 
them  to  be  composed  of  a  shaft  showing  a  periodic  transverse  banding  at 
intervals  of  600  to  650  a  (Fig.  247).  The  characteristics  of  the  shaft  indi- 
cate it  to  be  a  thin  cylindrical  membrane  composed  of  elongated  protein 
chains  showing  a  periodic  structure  somewhat  resembling  that  of  collagen 
fibers.  The  over-all  striation  of  the  organelle  would  then  be  a  consequence 
of  the  alignment  of  these  fibers  in  phase  with  one  another.  At  the  tip  of  the 
shaft  there  is  a  relatively  opaque,  thornlike  body  indicative  of  the  presence  of 
a  dense  proteinaceous  structure  or  of  elements  of  high  atomic  mass.^-  '^ 

Little  or  nothing  is  known  of  the  mechanism  of  trichocyst  discharge  or 
to  what  extent  trichocysts  are  activated  other  than  in  direct  response  to  en- 
vironmental stimuli.  The  trichocysts  appear  connected  with  the  silver-line 
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system,  which  some  consider  to  have  a  nerve-net  type  of  conductile  function. 
The  mechanism  of  discharge  probably  involves  either  a  hydration  of  some 
protein  within  the  trichocvst  or  a  rapid  osmotic  inflow  of  water  on  excitation 
of  these  organelles. 

The  role  of  trichocysts  in  protozoans  is  still  not  definitelv  established. 
They  have  been  considered  by  many  to  possess  a  protective  function.  This 
appears  doubtful  in  such  species  as  Paramecium,  which  are  readily  ingested 
by  Didinium  even  after  the  Paramecium  has  extruded  many  of  its  tricho- 
cysts. More  probably  the  trichocysts  function  here  as  organs  of  attachment.^* 
In  ciliates  such  as  Dileptiis  and  Actinoholina,  prey  coming  in  contact  with  a 
region  of  the  body  bearing  trichocysts  appears  to  be  paralyzed  instantly,  as  if 
a  toxin  were  associated  with  the  discharged  trichocyst. 

Among  the  dinoflagellates,  Polykrikos  and  I^ematodinium,  there  are  tri- 
chocysts that  bear  a  very  close  resemblance  structurally  to  the  nematocysts 
of  coelenterates  and  are  frequently  called  nematocysts.  Trichocysts  in  va- 
rious stages  of  differentiation  have  been  found  within  these  dinoflagellates. 


Fig.  247.    Electron  micrograph  of  discharged  Parameciutn  trichocysts,  shadow-cast 
with  chromium.  From  Jakus  and  Hall.'" 

Another  type  of  effector  organelle  very  closely  resembling  the  coelenteratc 
nematocyst  is  the  polar  capsule  of  sporozoans  of  the  groups  Myxosporidia  and 
Actinomyxidia.  Within  the  digestive  tract  of  host  organisms,  the  action  of 
the  digestive  juices  induces  these  capsules  to  discharge  their  spirally-coiled 
hollow  thread  after  the  fashion  of  a  nematocyst.  The  discharged  filament 
serves  as  a  means  of  temporary  anchorage  of  the  parasite  to  the  host  tissues. 

NEMATOCYSTS 

The  nematocysts  of  coelenterates  are  extremely  small  intracellular  struc- 
tures of  spherical,  oval,  or  spindle  form.  They  consist  of  a  capsule  within 
which  a  hollow  thread,  continuous  with  an  end,  is  introverted  and  coiled.'^-  ^^ 
The  discharge  of  the  nematocyst  involves  a  rapid  expulsion  of  the  thread- 
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like  process  by  eversion  (Fig.  248).  There  is  usually  a  cap  or  operculum 
covering  that  region  of  the  undischarged  nematocyst  through  which  the 
thread  is  ejected.  The  nematocysts  are  produced  within  interstitial  cells  either 
at  their  final  site  or  at  some  distance  from  this  site,  to  which  they  move  by 
ameboid  activity  or  passive  transportation.  A  cell  containing  a  nematocyst 
is  known  as  a  cnidoblast  or  nematocyte.  The  portion  of  the  cnidoblast  con- 
taining the  nematocyst  eventually  comes  to  occupy  a  superficial  position  and 
usually  develops  at  its  outer  end  a  bristle-like  projection,  the  cnidocil.  The 
latter  is  imbedded  in  a  small  crater-like  elevation  on  the  cell. The  cnidoblast 
also  often  difi^erentiates  trichite-like  supporting  rods  in  its  peripheral  regions 
and  often,  too,  a  fibrillar  network  associated  with  the  capsule  of  the  nemato- 
cvst  and  extending  proximally  from  it. 

The  nematocvsts  of  coelenterates  are  divisible  into  two  major  groups,  the 
spirocysts  of  the  Zoantharia,  which  are  acid-staining  bodies  possessing  peculiar 
adhesive  threads,  and  the  basic-staining  nematocysts  proper.  The  latter  are 
widely  distributed  through  the  whole  phylum.  They  are  of  many  types  in  the 
characters  of  their  discharged  threads.  In  some,  e.g.,  the  volvents,  the  thread 
is  closed  at  its  tip  and  forms  a  tightly  coiled  filament  on  discharge,  wrapping 


Fig.  248.  An  undischarged  (a)  and  a  discharged  (b)  nematocyst  located  in  its  cnidoblast. 
The  spine-like  projection  of  the  cnidoblast  is  the  cnidocil.  Redrawn  from  Sedgwick. 

itself  about  bristles  or  fibers  of  organisms  in  whose  presence  they  are  dis- 
charged. Most  other  types  have  open  tips  and  are  believed  to  penetrate  prey, 
injecting  into  them  a  toxic  substance.  The  threads  of  these  latter  .types  com- 
monly possess  an  armature  in  the  form  of  three  spiralling  rows  of  spines 
which  serve  effectively  to  anchor  the  thread  into  tissues  which  have  been 
penetrated.  The  penetrating  capacity  of  at  least  some  types  is  so  great  that 
even  the  chitinous  cuticles  of  small  organisms  can  be  punctured. 

The  sting  of  numerous  species  gives  rise  to  severe  itching  and  other  skin 
disorders  in  man.  The  toxicity  is  very  great  in  a  few  coelenterates  such  as 
Physalia,  and  some  larger  scyphozoan  jellyfish  such  as  Dactylometra,  even 
enough  to  render  them  highly  dangerous  to  man.  Their  sting  may  in  some 
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cases  produce  serious  illness  or  even  death.  The  nature  of  the  toxin  associ- 
ated with  nematocvsts  is  largely  unknown.  Various  toxic  fractions  have  been 
prepared  from  nematocyst-containing  tissues.--  ^ 

The  cnidoblasts  respond  as  independent  effectors  in  the  discharge  of  their 
nematocysts.  There  is  no  evidence  of  control  of  these  by  any  coordinatory 
mechanism  within  the  organism.  In  their  normal  responses,  and  in  response 
to  highly  localized  electrical  stimuli,  there  is  a  complete  restriction  of  the 


"^^, 


Fig.  249.  Discharge  of  nematocysts  of  Anemonia  to  various  stimuli,  a,  Touch  by  a 
human  hair,  h,  Touch  by  a  clear,  blunt  glass  rod  fails  to  cause  discharge,  c,  Response 
to  clean  glass  rod  after  sensitization  of  the  cnidoblasts  with  dilute  saliva  extract,  d, 
Response  to  glass  rod  smeared  with  alcohol  extract  of  Pecten  gill.    From  Pantin.^" 


discharge  to  the  specific  region  excited. ^^'  ^*  Intense  mechanical  stimulation 
by  inert  objects  will  induce  only  a  weak  discharge,  whereas  mild  mechanical 
stimulation  by  natural  foods  is  sufficient  to  evoke  a  strong  response  (Fig. 
249).  Submersion  of  cnidoblasts  in  a  weak  extract  of  a  normal  food  which 
will  typically  not  itself  induce  discharge  will  greatlv  lower  the  threshold  of 
these  effectors  in  Anemonia  to  purely  mechanical  stimuli. ^^  The  specific  food 
factors  that  are  involved  in  this  sensitization  are  lipoidal  substances  adsorbed 
upon  proteins.  The  adsorptive  forces  are  so  strong  that  the  factors  cannot 
be  removed  by  ether  extraction,  but  thev  can  be  with  alcohol.  The  active 
chemical  substances  appear  to  have  properties  resembling  sterols  and  phos- 
pholipins  and  to  be  highly  surface-active.  In  view  of  the  rapid  and  thorough 
discharge  of  nematocysts  even  to  dried  foods,  it  would  appear  that  the  nor- 
mal reaction  must  be  "contact-chemical"  in  character,  chemical  sensitization 
to  mechanical  stimulation  occurring  almost  instantaneously. 
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These  highly  speciahzed  characteristics  of  excitation  of  nematocysts  in 
Anemonia  are  pecuharly  adapted  to  the  normal  functional  roles  of  these 
effectors.  The  value  of  having  the  nematocysts  withhold  their  discharge  un- 
til the  instant  of  mechanical  contact  is  readily  seen  in  comparing  the  results 
of  stimulating  discharge  by  a  piece  of  cotton  soaked  in  bile  salts  with  that 
by  a  similar  piece  soaked  in  an  extract  of  normal  food  material.  In  the  for- 
mer case  the  nematocysts  are  induced  to  discharge  before  contact  by  the  dif- 
fusion outward  of  the  bile  salts,  which  are  highly  potent  cnidoblast  excitors, 
and  therefore  before  the  discharge  can  result  in  any  attachment  of  the  dis- 
charging filaments  to  the  cotton  fibers,  as  occurs  in  the  case  of  normal  food 
substances. 

The  cnidocils,  when  present,  are  probably  concerned  with  the  excitation 
process.  That  they  are  non-essential,  however,  is  indicated  by  the  fact  that 
they  are  absent  in  many  of  the  Anthozoans.  It  would  appear  that  in  their 
absence  the  cnidoblast  surface  comprises  the  receptive  area  for  the  response. 

The  mechanism  of  discharge  of  nematocysts  is  not  well  understood.  Two 
types  of  theories  in  particular  have  found  favor  among  students  in  this  field; 
both  theories  have  in  common  the  postulation  that  an  increased  pressure 
within  the  capsule  forces  out  the  filament.  One  theory  considers  the  pres- 
sure increase  following  stimulation  to  be  the  result  of  a  passage  of  water 
into  the  capsule.  Some  have  believed  the  nematocyst  operates  as  a  simple 
osmometer.**'  ^  Others  think  the  water  inflow  associated  with  a  hydration 
and  swelling  of  colloids  within  the  nematocyst  in  response  to  change  in  pH,*" 
and  a  consequent  swelling  of  colloidal  material  contained  therein.  A  second 
theory  attributes  the  increase  in  pressure  to  a  contraction  of  a  fibrillar  net- 
work associated  with  the  capsule. ^^  It  is  possible  that  mechanisms  fitting 
both  theories  are  to  be  found  among  the  numerous  nematocyst  types  of  the 
various  coelenterate  species.  The  nematocysts  of  Metridiuin  appear  to  dis- 
charge as  a  result  of  inflow  of  water;  those  of  Physalia  appear  to  require  the 
activity  of  contractile  fibrils  of  the  nematoblast. 

Functional  nematocysts  have  been  found  in  the  flatworm,  Microstomum,^- 
^^'  ^*  and  in  the  sea-slug,  AeoUsS'-  ^-  ^'  It  has  been  conclusively  demonstrated 
that  these  nematocysts  have  been  derived  from  the  coelenterates  on  which 
these  animals  feed.  It  is  interesting  that  in  the  appropriation  of  coelenterate 
nematocysts,  these  flatworms  and  molluscs  selectively  utilize  only  certain 
types.  For  example,  Microstovtum  digests  the  volvents  and  utilizes  the  pene- 
trants. The  sea-slugs,  feeding  on  Pennaria,  utilize  onlv  the  highly  eff^ectivc 
type  known  as  the  microbasic  mastigophores,  to  the  exclusion  of  other  types. 
The  appropriated  nematocysts  are  quite  concentrated  in  the  bodies  of  their 
new  carriers,  and  would  appear  to  serve  as  effectixe  defensive  weapons. 
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CHAPTER  20 


.  Bioluminescence 

I  HE  ABILITY  to  producc  light  is  very  widely  distributed  among  bacteria, 
B  fungi,  and  animals/"  Among  animals,  luminous  species  have  been 
B  reported  in  the  major  portion  of  the  recognized  phyla  from  the 
Protozoa  through  the  Chordata.  There  appears  to  be  little  or  no  general  pat- 
tern in  the  distribution  of  the  capacity  among  or  within  the  animal  groups; 
its  occurrence  is  quite  sporadic.  It  may  occur  in  one  species  of  a  genus  and 
be  absent  in  another.  Practically  all  of  the  known  luminous  species  are  ma- 
rine or  terrestrial.  Manv  luminescent  marine  species  are  found  among  the 
abyssal  and  planktonic  faunas.  Luminescent  littoral  marine  species  are  also 
numerous.  The  only  luminescent  animal  occurring  in  fresh  water  is  an 
aquatic  glowworm.  Luminescent  species  have  never  been  described  for  cave 
faunas. 

Luminescence  in  animals  is  the  result  of  chemiluminescent  reactions  in 
which  a  substrate  is  oxidized.  The  chemiluminescent  reaction  is  usually  as- 
sociated with  the  presence  of  special  granules  in  the  cytoplasm  of  the  lu- 
minous tissue.  In  many  organisms  the  light-producing  reactants  are  expelled  to 
the  exterior,  where  the  actual  reactions  in  production  of  light  occur.  This 
type  of  light  production  is  known  ^s  extracellular  luminescence,  in  contrast 
with  intracellular  luminescence,  in  which  the  light-yielding  reaction  pro- 
ceeds within  cells.  In  animals  with  extracellular  luminescence  the  light-pro- 
ducing organs  take  the  form  of  unicellular  or  multicellular  glands  which  se- 
crete to  the  exterior.  Sometimes  a  differentiation  of  two  types  of  secretory 
cells  are  observed  in  multicellular  luminous  glands.  Both  appear  to  con- 
tribute to  light  production. 

In  higher  animals  with  intracellular  luminescence  there  is  a  general  tend- 
ency toward  an  evolution  of  specialized  photogenic  organs.  Whereas  in  the 
protozoans  the  luminescing  granules  are  dispersed  in  the  cytoplasm,  in  many 
higher  animals  such  as  cephalopods,  insects,  and  fishes  thev  are  located 
within  light-producing  cells,  which  form  only  a  portion  of  organs  which  may 
possess,  in  addition  to  these  cells,  light-absorbing  and  light-reflecting  layers, 
light  filters,  refractive  bodies,  and  nerve  supply.  Such  organs  superficially 
resemble  photoreceptors. 

It  is  by  no  means  always  an  easv  matter  to  determine  whether  any  par- 
ticular luminescent  animal  possesses  of  itself  the  ability  to  generate  light. 
Such  luminescence  may  result  from  the  presence  of  luminescent  bacteria  in 
or  on  the  organism  in  question.  One  criterion  for  distinguishing  bacterial 
luminescence  from  that  originating  within  animal  cells  is  that  in  the  former 
the  light  appears  to  be  continuous,  whereas  in  the  latter  it  is  usually  pro- 
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duced  intermittently,  and  commonly  only  in  response  to  external  stimuli. 
There  are  numerous  exceptions  to  this,  however.  Many  truly  photogenic 
cells  of  animal  origin  exhibit  a  continuous  glow.  On  the  other  hand,  lumi- 
nescence of  bacterial  origin  can  be  made  to  give  the  semblance  of  intermit- 
tency  as,  for  example,  in  the  fish  Photohlepharon,  where  the  symbiotic  lumi- 
nous bacteria  are  in  a  light-producing  pouch  with  a  lid  capable  of  intermit- 
tently screening  the  light. 

Occurrence  of  Bioluminescence  Among  Animals.  Among  the  Protozoa 
numerous  luminescent  species  are  observed.  These  are  marine  radiolarians 
and  dinoflagellates.  The  best  known  example  of  the  latter  group  is  Noctiluca. 
The  light-producing  granules  are  located  throughout  the  organism  but  par- 
ticularlv  in  the  peripheral  regions.^**  The  organisms  glow  briefly  in  response 
to  stimulation;  the  glow  originates  in  the  region  of  the  oral  groove  and 
spreads  as  a  wave  over  the  body.'''^ 


Fig.  250     Chaetopterus.    A,  Dorsal  view  (after  Trojan).    B,  A  luminescent  individual 
in  darkness  (after  Panceri).  From  Harvey .^^ 


Numerous  coelenterates  are  known  to  be  luminous.  These  include  a  num- 
ber of  hydroid  polyps,  iellyfishes,  siphonophores,  and  sea-pens.  In  this  group 
the  region  luminescing  is  usually  the  whole  surface  of  the  organism,  but 
luminescence  may  be  restricted  to  certain  spots.  Luminescence  occurs  only 
in  response  to  stimuli.  The  natural  stimulus  is  probably  mechanical.  The 
region  immediately  stimulated  is  first  to  respond,  and  this  response  is  followed 
by  a  wave  of  luminescence  proceeding  out  from  that  point. ^-'  '^^  In  the 
jellyfish,  Pelagia,  the  extent  of  spread  of  the  luminescence  is  a  direct  func- 
tion of  the  strength  of  the  stimulus. '^^  Light  production  in  coelenterates  ap- 
pears to  be  largely  of  the  extracellular  tvpe,  since  luminous  mucus  can  usu- 
allv  be  readilv  rubbed  from  the  surface  of  the  organisms.-^ 


662 


Comparative  Animal  Physiology 


Numerous  Ctenophora,  perhaps  all,  are  luminous.  Here  the  light-produc- 
ing cells  are  located  along  the  meridional  gastrovascular  canals  in  the  vicin- 
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Fig.  251.  A,  Section  through  a  Hght  organ  of  the  deep  sea  shrimp,  Sergestes.  From 
Harvey.-'  B,  Section  through  Hght  organ  of  the  cephalopod,  Romieletia.  C,  A  section  of 
a  luminous  area  of  Chaetopterns  epidermis.    From  Harvey,"^  after  Dahlgren. 

ity  of  the  germ  cells.   These  organisms  luminesce  in  resjxinse  to  stimuli,  but 
the  response  is  inhibited  bv  bright  light.  After  subjection  to  davlight  the 
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animals  must  be  kept  for  some  time  in  darkness  before  full  responsiveness  is 
regained. 

Only  a  single  luminous  nemertean,  Emplectonema  kandai,  has  been  de- 
scribed.^' Photogenic  cells,  producing  light  intracellularly,  are  distributed 
over  the  whole  worm.  A  local  response  to  localized  tactile  stimulation  is 
seen.  A  generalized  response  follows  stretching  of  the  animal. 

Among  the  Annelida  luminescence  is  restricted  to  species  of  terrestrial 
oligochaetes  and  marine  p^lvchaetes.  Manv  earthworms,  on  irritation,  eject  a 
luminous  slime.  This  mav  come  from  the  oral  or  anal  opening  or  from  the 
dorsal  pores.^'*-  ^'^  TJie  polychaete,  Chaetopterus,  exhibits  a  striking  lumi- 
nosity, much  of  the  surface  becoming  luminous  whenever  the  worm  is  dis- 
turbed (Fig.  250).  The  photogenic  cells  are  located  in  the  hvpodcrmis  along 
with  mucus  cells,  both  of  which  secrete  their  products  to  the  exterior'-'  (Fig. 
251,  C).  Suggestive  of  nerve  control  of  light  production  is  the  fact  that 
stimulation  of  the  anterior  end  of  the  worm  results  in  a  wave  of  light-pro- 
duction passing  posteriorly.  In  the  transparent  pelagic  Tomopteris  the  photo- 
genic organs  are  specialized  nephridial  funnels.'"'^  In  luminous  scale  worms 
the  light  originates  in  certain  papillae  on  the  dorsal  overlapping  scales.  Stim- 
ulation of  any  portion  of  the  body  results  in  a  wave  of  light  production 
passing  posteriorly  from  the  point  of  excitation,  but  not  anteriorly/"'  thus 
indicating  rather  clearly  an  influence  of  a  polarized  ner\'ous  system. 

Luminous  species  of  arthropods  are  numerous.  They  are  largely  crustaceans 
and  insects,  rarely  myriapods  and  arachnids.  In  fact,  it  is  from  a  luminous 
ostracod,  Cypridina,  that  we  have  learned  much  of  the  fundamental  char- 
acteristics of  the  basic  photogenic  process.  The  light-producing  organ  is  a 
large  gland  located  near  the  mouth.*'"'  Two  kinds  of  cells  can  be  seen  in  the 
living  gland,  one  containing  large  yellow  granules  (luciferin),  and  the 
other,  small  colorless  granules  (luciferase)  (see  p.  667  et  seq.).  The  gran- 
ules are  ejected  bv  muscle  contraction,  and  the  luminescence  is  extracellular. 

In  those  copepods  showing  photogenic  capacity  the  source  of  the  active 
agents  which  are  expelled  into  the  sea  water  are  small  groups  of  greenish 
secretory  cells  on  various  parts  of  the  body. 

Many  euphausids  and  shrimp  possess  rather  highly  differentiated  organs 
having  a  reflecting  layer  and  lens  associated  with  the  light-producing  cells 
(Fig.  251,  A).  These  organs  are  distributed  widely  over  the  surface  of  the 
body.  The  numerous  organs  appear  coordinated  through  the  nervous  sys- 
tem inasmuch  as  the  sequence  of  their  activity  may,  as  in  Sergestes,''^  for  ex- 
ample, follow  an  anteroposterior  progression.  The  deep-sea  shrimp,  Acanthe- 
phyra  purpurea,  has,  in  addition  to  typical  photophores  (luminous  organs) 
of  the  general  type  just  described,  glands  near  the  mouth  from  which  lumin- 
escent substances  may  be  forcefully  ejected  so  as  to  permit  the  shrimp  to 
escape  from  predators  in  a  luminous  cloud. '"' 

Among  the  insects,  luminescence  is  restricted  to  members  of  very  few 
orders.  A  few  species  of  Collemhola  ha\'e  been  described  to  glow  continu- 
ously, although  varying  in  intensity  with  the  state  of  excitation  of  the  indi- 
vidual.■'•'•  •'^  The  larvae  of  the  fungus  gnat,  Ceratoplanus,  and  of  the  tipulid 
fly,  BoUtophila,-^-  have  been  described  as  luminescent,  and  in  the  latter  species 
the  adults  are  also.  In  these  latter  flies  the  light  appears  to  be  in  the  malpigh- 
ian  tubules."^ 
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Perhaps  the  most  striking  examples  of  hght  production  in  arthropods  are 
to  be  found  among  the  Coleoptera,  specifically  the  lampyrids  and  elater- 
ids,-*'  "'■  >"  In  the  "fireflies"  or  "lightning  bugs"  the  photogenic  organ  is  typ- 
ically located  ventrallv  in  the  posterior  abdominal  region.  The  organ  is 
composed  of  two  cellular  lavers,  a  ventral  layer  of  light-producing  cells  and 
a  dorsal  or  internal  layer  of  "reflecting"  cells.  The  reflecting  cells  contain 
minute  particles  of  a  purine  base,  probably  urates.  This  layer  is  said  to  serve 
as  a  diffusing  reflector  for  the  photogenic  cells,  while  simultaneously  being 
a  dorsal  shield.  The  photogenic  organ  is  richly  proA'ided  with  tracheal  ves- 
sels which  terminate  in  numerous  tracheal  end-cells.    Nerves  pass  into  the 

organ. 

Flashing  of  the  firefly  is  controlled  by  the  ner\'ous  s\'stem.  One  remark- 
able aspect  of  the  activity  of  these  organs,  which  indicates  this,  is  the  syn- 
chronous flashing  of  some  tropical  fireflies.'"  The  fireflies  normally  flash  at 
random,  but  may,  when  large  numbers  of  individuals  are  assembled  together, 
flash  synchronously,  or  exhibit  some  coordination  of  activity  in  the  assemblage 
through  waves  of  flashing  which  proceed  out  rapidly  from  some  individual 
of  the  group. 

The  elaterid  "Cucujo"  beetle,  Pyrophorns,  of  the  West  Indies  has  a  pair 
of  greenish  luminescent  organs  on  the  dorsolateral  aspects  of  the  prothorax 
and  an  orange-vellow  organ  on  the  ventral  aspect  of  the  first  abdominal  seg- 
ment. The  South  American  "railway  worm,"  Phrixothrix,  possesses  a  reddish 
luminescence  on  the  head  and  greenish  luminous  spots  segmentally  ar- 
ranged along  the  body.-^-  A  North  American  species  of  the  related  genus, 
Phengodes  (Fig.  252),  in  its  photogenic  organs  resembles  somewhat  the 
South  American  species,  except  that  it  lacks  the  red  head  organ.  The  North 
American  species  has  been  reported  to  glow  continuously,  unlike  most  lum- 
inescent animals. 

Several  species  of  mvriapods  secrete  a  luminous  slime  in  much  the  same 
manner  as  the  luminous  earthworms.  A  luminous  pycnogonid  has  been  de- 
scribed. 

The  bivalve  mollusc,  Pholas,  has  a  number  of  photogenic  glands,  which 
secrete  into  the  siphon.''^  Some  nudibranchs  have  distributed  over  the  body 
luminescent  cells  which  flash  when  the  animal  is  appropriately  stimulated."^ 
Of  the  molluscs,  however,  the  cephalopods  as  a  group  show  the  highest 
development  of  this  capacity.  A  large  number  show  luminescence.  In  many, 
as  for  example,  Loligo,  the  luminous  organs  are  open  structures  and  con- 
tain luminous  bacteria.  In  others,  probably  the  majority,  light  is  produced  by 
cells  of  the  animal  itself  (Fig.  251).  In  one  squid,  Hetcroteiithis,  there  is  an 
unpaired  luminous  organ  which  opens  into  the  mantle  cavity  and  expels  a 
luminous  cloud  through  the  siphon  when  the  animal  is  disturbed.^^'  *''^  Some 
species  of  squids,  such  as  the  firefly  squid,  Watasenia,^''-  "-  have  complex 
patterns  of  luminous  organs  of  the  intracellular  type  over  the  body,  reach- 
ing a  high  state  of  differentiation  in  such  deep-sea  forms  as  Lycoteiithis  dia- 
dema.  In  the  latter  as  many  as  four  different  colors  are  produced  by  the  va- 
rious luminescent  organs  present. 

Only  the  Ophiuroidea  among  the  echinoderms  contain  luminous  species. 
A  number  of  these  have  unicellular  photogenic  organs  scattered  over  the 
body,  and  luminesce  in  response  to  any  disturbance  of  the  animal. 
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Light  jiroduction  among  the  chordatcs  is  restricted  to  the  protochordates 
and  hshcs.  A  kiminous  slime  is  produced,  for  example,  bv  species  of  Valano- 
glussxis.  Among  the  tunicates,  the  best  known  example  of  a  luminescent 
form  is  Pyrosovia,  a  colonial  species.  The  organism  luminesces  on  stimulation, 
and  a  wave  of  photogenic  acti\ity  spreads  out  o\'er  this  colonial  organism.-"''' 
Light  definitely  operates  as  a  stimulus  in  this  spread  of  activity  from  one 
luminescing  indix'idual  of  a  colony  to  adjacent  ones.  Thus  the  wave  of 
activity  has  been  reported  to  pass  from  one  colony  to  another  even  when 
glass  walls  separate  the  two  colonies.  Similarlv,  acti\itv  mav  be  induced  in 
a  colonv  by  using  a  light  flash  as  a  stimulating  agent. 

A 


B 
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Fig.  252.    A  female  larva  of  the  beetle,  Phengodes.    A,  Dorsal  view.    B,  Lateral  view. 
C,  A  luminous  specimen  in  darkness  (From  Harvey  1940).''^ 


The  elasmobranch  and  especially  the  teleost  fishes  have  numerous  lumi- 
nescent representatives,  particularly  among  those  inhabiting  the  depths  of 
the  seas.  In  some,  like  Photohlefharon,  Anomalous,  Physiciihis,  EqiinJa,  and 
Monocentris,  the  light  is  due  to  the  presence  of  symbiotic  bacteria  in  special 
organs  found  in  the  cheeks  or  lower  jaw.-'  In  others,  e.g.,  Malacocephalus, 
luminescent  granules,  possibly  bacteria,  are  expelled  from  ventral  sacs  onto 
the  ventral  surface  of  the  body  when  the  fish  is  excited.  Still  others,  as  Astro- 
nesthes  and  Stomias,  possess  well-differentiated  eye-like  organs  with  lenses 
and  pigmented  cups.  In  some  fishes  the  appearance  of  light  on  stimulation  is 
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slow.  In  Porichthys  a  latent  period  of  8  to  10  seconds  is  observed;  then  the 
liuht  lasts  for  about  20  seconds.-"  Injection  of  adrenalin  will  activate  the 
photopenic  organs  in    this   llsh   and   in    EchiostDUia.-^ 

Physical  Characteristics  of  Animal  Light.  1  he  intensity  of  light  produced 
by  photogenic  organs  is  relatively  low.  The  light  of  a  lirefly,  Photinns,  is 
the  equivalent  of  0.0025  to  0.02  candles;"  that  of  the  "cucujo"  beetle, 
'0.0006  to  0.006  candles.-''  Such  values  in  candles  do  not  give  a  good  meas- 
ure of  the  brightness  of  the  actual  luminescing  surfaces,  since  these  values 
vary  with  the  areas  of  these  surfaces.  Furthermore,  since  the  surfaces  are 
relatively  small,  the  values  are  likely  to  suggest  smaller  values  of  surface 
brightness  than  are  actually  present.  Also,  since  organ-sizes  vary  considerably 
from  one  species  to  another,  the  order  of  brightness  of  luminescing  surfaces 
need  not  parallel  the  order  of  light  intensities.  Surface  brightness  is  ex 
pressed  in  lamberts  or  millilamberts.  Measurements  of  the  surface  brightness 
of  a  number  of  luminescing  organs  have  given  in  general  values  ranging 
from  0.3  to  45  millilamberts. 

The  color  of  the  light  produced  by  various  photogenic  organs  of  animals 
vary  all  the  wav  from  blue  through  red.-'*'  "^  There  is  not  uncommonly  a  dif 
ference  in  the  colors  of  light  emitted  from  different  organs  in  the  same  ani- 
mal. It  is  possible  that  in  some  cases  these  color  differences  are  due  to  the 
presence  of  colored  Biters  covering  the  luminous  areas,  but  in  other  cases  they 
appear  dehnitely  due  to  differences  in   the  basic  light-producing  reactants. 

Study  of  a  number  of  species  gives  us  reason  to  believe  that  the  light 
emitted  by  any  single  organ  shows  a  continuous  spectrum  spreading  over  a 
restricted  region  of  the  visible  range  of  wave  lengths.  The  spectral  range  for 
a  number  of  animals  is  found  in  the  following  hst  modified  from  Harvey. -- 

Species  Wave  Lengths 

Chaetoptenis  insionis  550-440  m/x 

Photinns  pyralis  670-510  m/x 

Pyrophonis  noctiliiciis  640-468  m/x 

Photuris  pennsylvanica  590-510  m/x 

Cypridina  hilgendorfii  610-415  m/x 

Phengodes  laticollis  650-520  m/x 

When  one  recalls  that  the  range  of  wave  lengths  visible  to  the  human 
eye  extends  from  760  to  400  m/x  it  is  evident  from  the  foregoing  table  that  in 
all  of  the  common  luminescent  species  whose  spectra  have  been  examined 
the  light  produced  is  entirely  within  the  visible  range.  Ultraviolet  radiation 
has  never  been  recorded  for  any  photogenic  organ.  Furthermore,  no  signifi- 
cant infrared  or  heat  radiation  is  produced;  hence  animal  light  is  said  to  be  a 
cold  light.  This  fact  has  led  to  the  popular  notion  that  animal  light  is  nearly 
100  per  cent  efficient.  To  determine  the  actual  luminous  efficiency  of  any 
light  source,  however,  it  is  necessary  to  take  into  consideration  the  spectral 
energy  curve  for  visibility  of  the  particular  organism  for  which  the  lumi- 
nous efficiency  is  being  calculated.  If  the  light  were  100  per  cent  efficient  for 
the  human  eye,  all  of  the  radiation  would  be  at  the  wave  length  of  maxi- 
mum sensitivity  of  the  eye.  For  an  eye  with  the  spectral  sensitivity  char- 
acteristics of  the  human  eye,  the  light  of  the  firefly,  PhotJiris,  is  about  92 
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per  cent  efficient,  that  of  Photinns  about  87  per  cent.^^  For  the  bluish  hght 
of  Cypridina  and  Chaetopteriis,  the  maximum  emissions  of  which  he  still 
further  from  the  region  of  maximum  sensitivity  for  the  human  eye,  the 
luminous  efficiencies  are  of  the  order  of  20  per  cent  or  less.  However,  all  of 
these  exhibit  strikinglv  higher  luminous  efficiencies,  of  course,  than  does  the 
carbon  incandescent  lamp,  which  approximates  0.5  per  cent.  We  must  al- 
ways bear  in  mind  that  the  luminous  efficiencies  would  have  more  real  com- 
parative biological  significance  if  they  were  calculated  in  terms  of  the  spec- 
tral energy  curves  of  sensitivity  of  the  photoreceptive  mechanisms  of  those 
species  reacting  in  nature  to  these  light  sources. 

The  Mechanism  of  Li^ht  Production.  The  actual  light-yielding  reactions 
of  animals  have  recei\ed  considerable  study.  The  solution  of  the  problem  of 
their  general  nature  has  been  very  much  simplified  through  the  discovery 
that  these  reactions  will  proceed  in  vitro  in  a  manner  superficially  indistin- 
guishable from  those  proceeding  in  vivo.  It  has  been  known  for  many  years 
that  the  luminescent  cells  or  tissues  of  certain  animals  or  their  products  can 
be  dried  with  a  resultant  cessation  of  light  emission.  When  water  is  again 
added  the  materials  will  again  luminesce.  Hence  the  final  reactions  are  ob- 
viously not  dependent  on  the  vital  organization  of  cells,  although  the  pro- 
duction of  the  specific  materials  which  participate  in  these  reactions  do  have 
such  dependence. 

In  addition  to  an  aqueous  medium,  photogenic  reactions  of  most  animals 
require  also  the  presence  of  free  oxygen.  This  appears  equally  true,  whether 
the  reactions  occur  within  the  living  organism  or  in  extracts  of  dried  prep- 
arations of  luminous  organs.  It  is  true,  however,  that  in  some  instances  the 
necessary  partial  pressure  of  oxygen  is  extremely  small.  The  only  critical  ex- 
periments which  have  indicated  that  luminescence  can  occur  in  the  com- 
plete absence  of  oxygen  have  been  performed  on  certain  radiolarians,  the 
jellyfish,  Pelagia  and  Aequorea,  and  certain  ctenophores.-''  •*^-  -^^  One  must 
conclude  that  in  these  animals  either  the  reactions  are  basically  different  from 
those  in  most  other  animals  or  a  source  of  oxygen  is  available  in  the  ma 
terial  of  the  extracts.   The  latter  alternative  appears  the  more  probable. 

It  was  clearly  demonstrated  many  years  ago  that  the  photogenic  reaction 
in  the  beetle,  Pyrophonis,^^  and  in  the  mollusc,  Pholas,^^'  involved  two 
organic  substances.  These  were  separated  from  one  another  by  utilizing  the 
characteristics  (1)  that  one  substance  was  less  heat  stable  than  the  other, 
and  (2)  that  when  the  luminescent  reaction  had  run  its  course  some  of  one 
of  the  substarices,  the  relatively  heat-instable  one,  remained.  The  one  that 
was  relatively  heat  stable  was  named  luciferin,  the  other  luciferase.  Luciferin 
solutions  could  be  obtained  free  from  luciferase  by  extracting  the  luminous 
organs  in  hot  water;  luciferase  could  be  obtained  free  from  luciferin  by  ex- 
tracting the  organs  in  cold  water  and  then  permitting  the  extract  to  luminesce 
to  exhaustion. 

Luciferin  and  luciferase  have  also  been  identified  in  the  polychaete  worm, 
Odontosyllis,  in  the  ostracods,  Cypridina  and  Pyrocypris,  in  the  deep-sea 
shrimp,  Acanthephyra,  and  in  several  species  of  beetles.-''-  -^-  '^^  However, 
careful  search  has  failed  to  reveal  their  presence  as  such  in  most  other  com- 
mon luminous  groups.  It  is  reasonable  to  assume  that  the  functional  counter- 
parts of   these   substances   are   nonetheless   present   in   these   latter   groups. 
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since  there  is  a  conspicuous  similarity  in  the  general  properties  of  biolumi- 
nescence,  wherever  it  occurs. 

The  photogenic  materials  show  a  certain  degree  of  group-specificity.  Lu- 
minescence will  result  only  when  the  luciferin  and  luciferase  from  the  same 
or  from  two  rather  closely  related  species  are  mixed,  as  for  example  with  two 
genera  of  fireflies,  or  two  genera  of  ostracods.  No  light  results  on  the  mixing 
of  these  substances  obtained  from  two  widely  separated  genera  in  the  same 
subphvlum,  as  for  example,  the  ostracod,  Cypridina,  and  the  decapod,  Acan- 
thephyra.  Similarly  no  light  results  when  the  two  materials  come  from  dif- 
ferent phvla. 

Very  little  is  known  as  to  the  chemical  nature  of  luciferin  and  luciferase. 
All  studies  indicate  luciferase  to  be  non-dialyzable  and  to  show  a  number 
of  properties  characteristic  of  a  protein.  Such  properties  include  heat  lability; 
precipitation  by  alcohols,  saturated  ammonium  sulfate,  and  alkaloidal  rea- 
gents: destruction  by  proteinase;  and  induction  of  an  anti-luciferase  on  in- 
jection into  a  rabbit.-^-^  Furthermore,  careful  study  of  the  reaction  kinetics 
of  Cypridina  luciferase  shows  it  to  have  characteristics  of  a  typical  enzyme, 
although  it  will  not  oxidize  an  unlimited  quantity  of  luciferin.  The  enzyme 
gradually  becomes  denatured. 

Luciferin  appears  definitely  to  be  non-protein.  It  is  dialyzable,  indicating 
relatively  small  molecular  weight.  Cypridina  luciferin  is  readily  oxidized 
by  numerous  oxidizing  agents,  but  yields  light  only  when  oxidized  in  the 
presence  of  luciferase'  (see  exception  below).  Crude  luciferin  extracts  are 
readily  and  rapidly  oxidized  without  luminescence  in  strong  light,  appar- 
endy  by  a  photochemical  reaction.  This  non-luminescent  reaction  is  not 
observed  in  solutions  of  more  carefully  purified  luciferin  and  luciferase, 
therefore  it  probablv  requires  the  presence  of  photosensitizers  for  its  oc- 
currence. 

Just  as  there  has  been  disco\ered  no  oxidizing  agent  which  Vv'ill,  in  the 
presence  of  Cypridina  luciferin,  produce  light,  so  also  has  no  substrate  ex- 
cept luciferin  yet  been  found  which,  on  oxidation  in  the  presence  of  luci- 
ferase, yields  light. 

The  kinetics  of  the  Cypridina  luciferin-luciferase  reaction  have  been  care- 
fullv  investigated.'-  The  reaction  appears  monomolecular.  There  is  also 
a  rather  high  temperature  coefficient  (Qk,)  having  an  average  value  in  the 
functional  range  of  2.74.  lower  at  the  lower  end  of  the  temperature  range 
and  higher  at  the  higher  end.  The  velocity  constant  of  the  reaction  is  pro- 
portional to  the  luciferase  concentration.  The  total  light  emitted  is  propor- 
tional to  the  quantitv  of  luciferin,  other  conditions  being  ecjual.  However, 
the  total  amount  of  light  is  also  influenced  b\  the  amount  and  type  of  salt 
content  of  the  extract,  the  pFL  and  the  temperature  of  the  medium.  The  ef- 
ficiency of  light  production  in  terms  of  units  of  luciferin  decreases  as  the  tem- 
perature rises  from  18  to  28°  C. 

When  luciferin  and  luciferase  are  first  mixed  in  an  oxygenated  medium 
there  is  an  initial  flash  of  light,  too  intense  to  fit  smoothly  with  the  general 
curve  of  decay  of  the  luminescent  reaction  which  follows.  The  time  re- 
quired for  the  intensity  of  the  flash  to  reach  a  maximum  is  longer  (0.03  sec.) 
when  luciferin  and  luciferase  are  mixed  in  an  oxygenated  medium  than  when 
oxygen  is  added  to  an  oxygen-free  and  hence  non-luminescing  mixed  solu- 
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tion  of  the  two  photogenic  substances  (0.008  sec.)-^  This  suggests  that  the 
reaction  between  luciferin  and  luciferase  is  slow,  compared  with  the  rate 
of  the  reaction  which  involves  the  oxygen. 

Cypridina  luciferin  is  apparently  oxidized  in  two  ways:  (1)  through  action 
of  luciferase,  with  light  emission,  and  (2)  through  other  than  luciferase  ac- 
tivity, without  light  production."*  The  latter  reaction,  but  not  the  former, 
seems  to  be  reversible  in  the  presence  of  reducing  agents  such  as  Na2S204  or 
H2S,  or  in  the  presence  of  finely  divided  platinum  and  free  hydrogen,  or  at 
the  cathode  of  an  electrolyzed  extract,  or  simply  under  the  reducing  action  of 
some  cultures  of  bacteria.  This  freshly  reduced  luciferin  is  able  to  emit  light 
when  oxidized  in  the  presence  of  luciferase.  Luciferin  oxidized  in  the  pres- 
ence of  luciferase  is  not  capable  of  being  reduced  again  by  such  reducing 
agents,  hence  the  oxidation  in  the  presence  of  luciferase  must  be  substan- 
tially different  from  oxidation  by  other  oxidizing  agents. 

For  many  years  it  was  the  accepted  hypothesis  that  luciferase  not  only 
catalyzed  the  oxidation  of  luciferin  but  also  was  the  molecule  which  actually 
emitted  the  light.  The  lights  of  the  two  genera  of  fireflies,  Photiiris  and 
Phothnis,  whose  luciferin  and  luciferase  are  capable  of  reciprocal  interaction 
with  light  production,  are  of  visibly  different  colors.^-  In  Photinus  it  is  more 
reddish;  in  Photurns,  more  yellowish.  When  the  luciferases  and  luciferins 
are  interchanged  in  in  A'itro  experiments,  the  color  of  light  emitted  is  char- 
acteristic of  that  species  which  contributes  the  luciferase.  In  view  of  these 
and  other  characteristics  of  the  reaction,  the  following  scheme  for  the  light 
emitting  reaction  was  proposed: 

(Luciferase) 

Luciferin  +  Vi  Oj  ^  -  =^  Oxidized  luciferin*  -f  H2O 

Oxidized  luciferin*  -f  Luciferase >  Oxidized  luciferin  +  Luciferase* 

Luciferase* >  Luciferase  +  hv 

*indicates  an  activated  molecule 

These  observations,  which  at  one  time  seemed  definitely  to  indicate  luci- 
ferase as  the  actual  light-emitter,  now  appear  capable  of  other  interpretations. 
This  situation  could  possibly  obtain,  for  example,  if  the  light  emitter  were 
a  conjugated  protein  with  luciferin  as  an  emitting  prosthetic  group,  or  if 
luciferase  were  the  specific  protein  and  luciferin  the  coenzyme  of  a  reacting 
system. 

Detailed  studies  of  the  spectrographic  changes  in  luciferin  during  its  oxi- 
dation both  in  the  absence  and  in  the  presence  of  luciferase  have  since  in- 
dicated that  the  steps  are  the  same  in  the  two  instances.'"  Reduced  Cyj)ridina 
luciferin  with  a  maximum  absorption  at  435  m/x  becomes  oxidized  to  a  form 
with  a  maximum  absorption  at  465  m/x,  and  then  this  latter  form  is  de- 
stroyed. The  total  amount  of  light  produced  is  proportional  to  the  initial 
amount  of  absorption  at  435  m/t.  The  rate  of  these  oxidative  changes  is 
about  100  times  as  rapid  in  the  presence  of  luciferase  as  in  its  absence  (Fig. 
253). 

Such  ()bser\'ations  as  the  foregoing,  and  further  detailed  studies  of  the  kin- 
ctics  of  the  bioluminescent  reaction,'*"  together  with  an  observation  that  luci- 
ferin in  95  per  cent  ethyl  alcohol  at  .70°  C.  will  luminesce,-''  have  given 
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strong  support  to  the  view  that  the  aetual  Hght-emitting  molecule  is  the 
luciferin. 

All  our  present  knowledge  of  the  properties  of  the  bioluminescent  process 
appear  capable  of  fitting  into  the  following  scheme  of  reactions.^"'-  ^" 

Let  A  stand  for  luciferase,  LH-  for  reduced  luciferin  (max.  absorption, 
435  m/x)  and  L  for  its  oxidation  products  (max.  absorption  465  m/x),  L'^ 
for  excited  luciferin,  L,  for  destroyed  luciferin.  and  X  for  an  unknown  fh. 
donor,  possibly  glucose. 


1. 

2. 

3. 

4. 

5a. 

5b. 

5c. 

6. 

7. 


AL  +  XH.- 
A  +  LH.— 


:ALH.  +  X 


ALH.  +  O.^ 
ALH  . 


iALH.. 
=^ALU  +  H(X. 


AL  +  LH 
AL  +  LH 
AL-  +  LH 
ALH  +  O. 
AL  +  CX  — 


:AL   +  H^ 

>AL*  +  LH- 

>AL  +  LH 

*AL,  +LH- 


-*  AL  +  LH-  +  hv 


-*  AL  +  HO. 


-*AL, 


Essentially  the  same  reactions,  with  the  exception  of  reaction  2,  also  appear 
to  proceed  in  the  absence  of  A,  but  their  rates,  especially  that  of  reaction  5, 
are  such  that  no  light  is  then  produced. 

It  is  readily  apparent  from  the  foregoing  scheme  of  reactions  that  only 
reaction  5a  is  the  actual  lioht-emittinw  one,  but  that  this  reaction  is  de 
pendent  on,  or  associated  with,  a  number  of  other  reactions  which  b\  them- 
selves are  dark  reactions.  The  whole  problem  at  the  moment  appears  now 
to  be  in  such  a  state  that  one  cannot  sav  with  llnalitv  whether  it  is  lucifer- 
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I  iK-  25.^.  C'lianKCs  in  the  ahsoriition  S|xctriiiii  ol  liiciliTin:  A,  iliiiinj;  oxiilatinn  with 
DXNKfn  uitliout  hicilcrase  (non-luniincscent),  and  H,  in  the  presence  ol  lucilerase  (hj^ht 
|>r(itkicinK)-  '"  A  eiirves  H  throuKli  N  were  obtained  after  9,  20,  .-^0,  39.  49,  455,  and 
1  140  minutes,  respectively.  In  />,  curves  \\  throus^li  \  were  obtained  at  1.12.  22,  40,  and 
457  minutes.    From  (ohnson.'' 
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ase,  luciferin,  or  possibly  an  unidentified  third  constituent  which  is  the  actual 
light-emitter.  Furthermore,  some  characteristics  of  the  bioluminescent  reac- 
tion so  differ  among  species,  for  example  between  Cypridina  and  fireflies, 
that  it  would  appear  that  a  final  detailed  explanation  for  one  would  prob- 
ably not  be  a  complete  explanation  of  the  other. 

There  is  very  good  evidence  that  phosphate  is  liberated  during  the  lu- 
minescent reaction.^"  This  suggests  that  energy-rich  phosphate  bonds  are  the 
sources  of  the  eneroy  liberated,  as  has  been  demonstrated  for  muscle  meta- 
holism. 

Variations  in  electrical  potential  in  light  organs  have  been  described  as 
accompanying  light  production  in  some  fireflies.-^''-  ■'^-  •^'^  In  adults,  which 
show  a  flickering  light,  there  is  a  rhythmical  potential  variation;  in  larvae, 
larking  a  flickering  character  of  light,  there  is  a  single,  long-duration,  po- 
tential variation.  The  former  type  of  response  is  correlated  with  the  pres- 
ence of  tracheal  end-cells;  the  latter,  with  their  absence. 

The  Control  of  Bioluminescence.  Among  animals  the  production  of  light 
is  typically  not  a  continuous  process.  Light  is  usually  produced  intermittently 
in  response  to  external  stimuli.  This  fact  is  of  such  generality  that,  when  an 
animal  appears  to  have  continuous  luminescence,  it  can  usually  be  assumed 
that  this  is  the  result  of  the  presence  of  symbiotic,  pathogenic,  or  transient 
luminescent  bacteria  within  or  upon  that  animal. 

The  means  of  control  of  light  production  in  animals  are  fundamentally 
of  three  types.  The  first  two  are  observed  in  extracellular  luminescence.  In 
those  instances  where  luminescent  materials  are  expelled  from  a  photogenic 
sac  into  the  surrounding  sea  water  on  stimulation  (as  in  the  cephalopod, 
Heterotetithis,  the  ostracod,  Cypridina,  and  the  shrimp,  Acanthephyra'),  the 
control  is  indirect  and  operates  by  means  of  typical  neuromuscular  mechan- 
isms. On  the  other  hand,  a  slightly  different  situation  obtains  in  those  organ- 
isms which  can  secrete  a  luminescent  slime  over  the  surface  of  the  body. 
Such  animals  include  the  luminescent  earthworms,  Chaetopteriis,  myriapods, 
many  coelenterates,  and  the  clam,  Pholas.  In  these  there  is  a  control  of  a 
secretory  process  by  direct  nervous,  or  possibly  also,  in  some  cases,  endocrine 
excitation.  The  third  general  type  of  control  applies  to  those  numerous  ani- 
mals where  the  luminescence  is  an  intracellular  phenomenon.  This  is  ob- 
viously the  situation  in  such  well-known  animals  as  Noctihica,  the  insects, 
and  certain  fishes.  Here  we  have  to  do  with  some  mechanism  whereby  ex- 
citation of  the  luminescent  cell  results  in  the  contained  photogenic  sub- 
stances being  permitted  to  interact.  The  interaction  may  possibly  come  about 
either  through  rapidly  making  small  quantities  of  one  of  the  two  essential 
photogenic  reactants  available  to  the  other  within  the  cell,  or  through  tem- 
porarily rendering  the  milieu  favorable  for  the  luminescent  reactions.  The 
latter  might  occur  through  control  of  oxygen,  water,  hydrogen  ions,  etc.  We 
can  at  present  do  little  more  than  speculate  on  the  means  by  which  the  ani- 
mal can,  in  response  to  stimuli,  give  \'ery  brief  and  intense  flashes  of  light 
which  vie  in  rate  of  development  and  decline  of  intensity  with  the  best  ol 
incandescent  lamps. 

In  multicellular  organisms  the  flashing  is  typically  associated  reflexly  with 
tactile  or  photic  receptors.  The  reflex  pathways  may  involve  the  ner\'ous 
system  alone,  or  both  ner\  es  and  endocrines.  In  the  coelenterate.  Reuilln,  the 
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spread  ot  luminescence  over  a  stimulated  animal  proceeds  in  all  directions 
at  a  rate  characteristic  of  nerve-net  transmission.^*^  In  the  ctenophore,  Mnemi- 
opsis,  the  tactile  receptors  involved  in  reflex  light  production  lie  along  the 
rows  of  ciliated  combs.^^ 

Most  studies  of  the  control  of  luminescence  ha\'e  concerned  fireflies. 
Among  other  stimuli,  visual  cues  normally  excite  a  responsi\'e  flash  in  these 
insects.  The  photogenic  organ  is  innervated,  but  it  is  not  definitely  estab- 
lished whether  the  nerve  supply  goes  to  the  photogenic  cells  proper  or  to 
the  tracheal  endings  within  the  light  organ.  In  the  latter  case,  the  nerves 
might  be  supposed  to  innervate  a  complex  valve  mechanism  located  in  the 
tracheal  end-cell. 

Two  general  types  of  theories  for  the  control  of  flashing  in  the  firefly 
have  been  advanced.  The  first  type  presumes  that  the  flash  depends  on  the 
rapid  and  transitory  admission  of  oxygen  to  the  photogenic  cells.  This  is 
considered  to  be  brought  about  either  by  direct  ner\'ous  control  of  \'alves  in 
the  tracheal  end-cells  or  by  means  of  a  stimulated  increase  in  the  metabolites 
in  the  photogenic  tissue  and  a  consequent  osmotic  withdrawal  of  water  from 
the  terminal  portion  of  the  tracheal  tubules  with  the  result  that  oxygen 
would  be  brought  directly  to  the  glandular  elements.  The  presence  of  oxy- 
gen would  then  permit  an  oxidation  of  the  metabolites,  again  reducing  the 
osmotic  pressure  of  the  cell  contents,  and  permit  restoration  of  water  to  the 
tubules  and  exclusion  of  the  oxygen.  In  support  of  an  oxygen-control  mech- 
anism is  the  fact  that  microscopic  observations  of  a  luminescing  gland 
shows  the  brightest  light  to  come  from  the  immediate  vicinity  of  the  ends  of 
the  tracheal  tubules.  An  end-cell  valve  mechanism  is  not  essential,  how- 
ever, since  some  insects,  especially  larvae  of  fireflies,  which  show  at  least 
some  degree  of  intermittency  in  light  production,  even  though  not  true 
flashing,  do  not  have  diflr'erentiated  tracheal  end-cells. 

The  second  general  type  of  mechanism  postulated  is  found  in  numerous 
other  animals  which  also  flash,  although  they  possess  no  tracheal  mechanism. 
This  is  a  direct  nervous  excitation  of  the  light-producing  cells  through  photo- 
genic nerves. 

In  the  fishes,  Porichthys  and  Echiostoma,  there  is  some  evidence  that  the 
normal  reflex  pathways  of  control  of  the  system  of  photogenic  organs  in- 
cludes the  secretion  and  action  of  the  hormone  adrenin. 

There  have  been  a  number  of  observations  indicating  that  bright  light 
inhibits  the  production  of  light  by  animals,'^'  ^^'  ^-  although  in  most  cases 
we  know  little  or  nothing  of  the  mechanism  of  this  inhibition.  It  may  result, 
as  some  evidence  indicates  for  ctenophores,  from  a  direct  destruction  of 
photogenic  material  within  the  light-producing  cells.  In  these  animals  ex- 
tracts made  from  specimens  exposed  to  sunlight  show  practically  no  capacity 
to  luminesce.  Furthermore,  after  exposure  to  bright  light  these  organisms 
have  to  be  kept  in  darkness  often  for  as  long  as  45  minutes  before  they  will 
again  luminesce. 

There  have,  on  the  other  hand,  been  numerous  reported  observations  of 
the  existence  of  a  diurnal  rhythmicity  in  the  capacity  of  certain  species  of 
animals  to  luminesce.  Such  a  rhythm  has  been  described  to  persist  for  sev- 
eral days  in  constant  darkness  in  the  firefly  Photinus,'^  in  the  balanoglossid, 
Ptychodera,^-  and  questionably  in   the  jellyfish,   Pelagia.^^    Such   behavior 
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indicates  that  changes  in  the  responsiveness  of  the  excitatory  mechanism  are 
probably  also  operative,  at  least  to  some  degree,  in  the  normal  influence  ol 
light  on  the  photogenic  reflex  mechanism.  The  inhibition  bv  light  thus  ap- 
pears to  act  in  two  wavs,  with  the  relati\'e  importance  of  each  method  prob- 
ably varying  with  the  species.  The  direct  eftect  of  light  on  the  quantity  of 
photogenic  material  present  may  be  called  a  direct  eff^ect;  and  that  eff^ect  on 
the  excitatorv  mechanisms  for  the  photogenic  cells  or  organs,  an  indirect  one. 

The  luminescent  response  of  ctenophores  has  been  shown  to  be  readily 
fatigable  and  to  exhibit  recovery  in  much  the  same  fashion  as  other  typical 
sensory-neuro-eff^ector  mechanisms. 

Functional  Significance  of  Bioluminescence.  The  signiBcance  of  light  pro- 
duction in  the  lives  of  the  numerous  organisms  possessing  this  capacity  is 
often  by  no  means  obvious.  That  some  survival  value  is  commonly  associ- 
ated with  this  function  is,  however,  likely,  inasmuch  as  most  higher  organ- 
isms which  luminesce  have  evolved  specialized  light  cells  or  organs  for  the 
purpose.  Moreover,  the  flashing  itself  mav  become  incorporated  into  the  gen- 
eral response  mechanism  of  the  organism. 

Three  general  types  of  functions  have  been  ascribed  to  animal  lumi- 
nescence. One  of  these  is  the  luring  of  food,  but  as  yet  there  has  been  no  con- 
clusive evidence  for  this.  A  second  function  ascribed  to  the  organs  is  that 
thev  serve  as  protective  devices.  They  may  operate  through  warning  or  fright- 
ening predators;  by  concealing  the  light-emitting  animals,  as  in  the  ejec 
tion  of  a  luminous  cloud  by  the  deep-sea  shrimp,  Acanthephyra,  and  the 
squid,  Heteroteuthis;  or  through  distracting  predators.  The  pattern  of  ner- 
vous control  of  luminescence  in  such  an  annelid  as  the  scale-worm,  Acholoe, 
appears  to  suggest  this  last  role.  When  the  worm  is  transected,  as  by  an  at- 
tacking predator,  the  posterior  portion  alone  luminesces  brightly,  while 
luminescence  is  inhibited  in  the  anterior  portion.  This  behavior  could  pos- 
sibly result  in  a  greater  chance  for  the  more  viable  anterior  part  to  escape. 
Suggestive  also  of  such  an  emergency  protective  function  of  luminescence 
is  the  fact  that  adrenalin  induces  bright  and  extensive  luminescence  in  cer- 
tain fishes.  An  interesting  variation  of  the  protective  function  of  biolumi- 
nescence in  organisms  has  been  advanced,  namely  that  stimulation  to  lu- 
minescence of  one  individual  in  a  group  might  serve  as  a  warning  to  its  fel- 
lows and  permit  their  escape. 

The  function  of  luminescent  organs  which  appears  to  have  best  observa- 
tional and  experimental  support  up  to  the  present  is  that  of  serving  as  sig- 
nals for  bringing  together  the  two  sexes  in  mating.  The  fireworm  of  Ber- 
muda, Odontosyllis,  provides  a  well  established  illustration  of  this  role.^^ 
The  females,  which  exhibit  a  marked  lunar  periodicity,  appear  at  the  mating 
periods  at  the  surface  of  the  sea  where  they  swim  in  small  circles,  lumi- 
nescing brilliantly.  Males  from  deeper  water  swim  directly  toward  the  lumi- 
nescing females  and  join  in  the  mating  "dance";  both  sexes  then  liberate 
their  gametes  into  the  water  together.  If,  perchance,  no  male  joins  a  lumi- 
nescing female  in  a  short  time,  her  light  gradually  fades,  but  after  a  brief 
period  of  rest  her  photogenic  organs  again  become  actixe  and  the  luminescent 
"dance"  is  repeated.  Males  moving  directlv  toward  a  luminescing  female  but 
failing  to  reach  her  before  the  end  of  a  luminous  period  have  been  observed 
to  cease  their  directed  movement  and  wander  aimlessly  until  the  female  again 
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Other  well  established  cases  of  the  use  of  light  production  as  mating  sig- 
nals ha\e  been  described  for  \arious  species  of  fireflies.''  In  many  species 
the  females,  which  may  e\en  be  wingless,  remain  in  the  grass  v\ hile  the  males 
fly  about.  The  females  signal  in  respjnse  to  the  flashing  males,  which  then 
fly  toward  the  females.  The  various  species  differ  in  characteristics  of  their 
Hashing,  such  as  in  the  frec|uency,  total  number  of  flashes,  color,  intensity 
and  duration  of  each  flash,  etc.  1  he  female  resjx)nds  in  a  characteristic 
manner  to  a  flashing  of  the  male  of  the  same  species.  The  female  of  Pho- 
timis,  for  example,  always  flashes  about  two  seconds  after  the  flash  of  the 
male.  The  male  continues  to  respond  to  the  females  until  the  two  sexes  ha\'e 
met.  The  attracting  light  response  of  the  female  can  be  imitated  b\  use  of  a 
flashlight  which  is  operated  to  flash  with  the  temporal  characteristics  of  a 
typical  responding  female  for  a  species. 

Numerous  other  suggestixe  examples  of  a  role  of  luminescence  in  the 
mating  reactions  of  animals  have  been  described,  but  most  of  them  require 
more  convincing  descriptions,  or  experimental  stud\,  before  they  can  be 
definitely  accepted  as  such.  However,  inasmuch  as  it  is  difficult  to  imagine 
anv  functional  significance  of  bioluminescence  in  bacteria  or  fungi,  we 
probably  can  assume  that  bioluminescence  in  man\  animals,  especially  lower 
ones,  is  fortuitous  and  of  no  survival  value.  In  these  instances  light  may 
have  appeared  as  a  by-product  associated  with  oxidative  metabolism. 
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Chromatophores  and  Color  Change 


INTRODUCTION 


T 

I  HE  ABILITY  TO  CHANGE  color  thiough  movements  of  pigments  within 
I  certain  integumentary  cells  or  organs  is  widely  distributed  among 
B  animals.  It  has  been  observed  for  numerous  fishes,  amphibians,  and 
reptiles  among  the  vertebrates;  among  the  invertebrates  it  is  exhibited  by 
manv  higher  crustaceans,  cephalopods,  and  leeches,  and  a  few  insects, 
echiitoderms,  and  polvchaetes.  A  comparable  activity  has  been  described 
for  a  euglenoid  protozoan.  The  spectacular  color  changes  of  the  chameleon 
between  black  and  green  and  the  rapid  color  changes  of  the  octopus  were 
described  as  earlv  as  the  fourth  century  B.C.  by  Aristotle,  and  those  of  fishes 
were  described  somewhat  later  by  Pliny,  who  obserx'ed  the  changes  of  the 
dvina  mullet.  The  first  changes  recorded  in  amphibians  were  in  the  frog, 
and  those  in  crustaceans  were  in  the  prawn,  Hip  poly  te.^'^'^  The  relatively 
rapid  color  changes  in  the  cephalopods  were  early  demonstrated  to  be  due 
principally  to  the  activitv  of  special  organs  in  the  skin,  to  which  the  name 
cromofora  was  given.  Later,  the  movements  of  pigments  in  special  integu- 
mentary organs  were  shown  clearly  to  account  for  color  changes  in  the 
chameleon,''"  the  frog,^  fishes,'^"-  '■'■''  and  crustaceans. '^'^'^  These  special  organs 
have  come  to  be  known  as  chromatoj^hores. 

Briicke-'-^  made  studies  on  the  physiology  of  color  change  in  the  chameleon; 
Pouchet,'^^- '^'•'  in  crustaceans  and  fishes;  and  Gamble  and  Keeble,^*'' ^''' *""• 
'•'•'•  •*'  in  crustaceans.  All  these  early  investigators  concluded  that  the  chroma- 
tophore  systems  were  under  the  control  of  the  ner\'Ous  system  or  responded 
directly  to  the  action  of  environmental  stimuli  on  the  chromatophores.  The 
jiossibility  of  a  role  of  hormones  in  color  changes  was"  suggested  first  b)  the 
disco\crv  that  the  injection  of  adrenalin  blanched  frogs.^"^  The  early  work 
on  chromatophores  has  been  thoroughly  re\iewed  in  the  extensixe  accounts 
of  van  Rvnberk'-'-'  and  Fuchs.-"^  Later  general  summaries  include  those  of 
Hogben-'and  of  Parker.'-^""  More  recently  many  other  reviews  have  em- 
phasized restricted  aspects  of  the  subject. 

CHROMATOPHORES:    STRUCTURE  AND  METHODS  OF  ACTION 

Chromatophores  arc  special  pigment  cells  located  in  the  skin  or  often  even 
in  certain  deeper  tissues  of  the  bodv  of  an  animal.  Chromatophores  possess 
the  abilitv  to  bring  about  redistributions  of  their  pigment  in  such  a  manner 
as  to  inHuence  the  general  coloration  of  the  animal.  A  pigment  that  is  con- 
centrated into  a  small  ball  (punctate)  contributes  little  or  nothing  to  the 
gross  coloration  of  the  indixidual,  whereas  its  dispersion  to  cover  a  larger 
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siirfac-c  (rcticLihitc)  results  in  its  imparting  its  tint  to  the  animal.  The  fore- 
ooing  meelianism  of  aetion  (eoneentration  and  disjiersion  of  pigment)  is 
lefeiied  to  as  plusiological  color  change.  The  chromatophores  may  also  in 
Ihicncc  the  coloration  of  an  animal  through  their  accumulation  or  production 
of  pigment  or  iheir  loss  or  destruction  of  it.  This  mechanism  of  aetion  is 
known  as  mor|)hological  color  change. 

Physiological  Color  Changes.  Chromatophores  are  of  two  major  types. 
One  t\|ie  is  seen  among  the  cephalopod  molluscs  and  is  a  complex  organ 
with  a  |iigmenl-containing  component,  the  changes  in  h)rm  of  which  result 
from  the  acti\  it\  of  numerous  radialK -arranged  smooth  muscle  fibers  acting 
sxnchronoLish  (fig.  254).  The  second,  more  common  type,  is  found  in 
most  color  changing  species.  It  comprises  a  single  cell  or  small  s\ne\tium, 
usualK  of  highly  branched  outline,  and  within  which  pigment  distribution 
is  altered  b\   streaming  movements. 


Fi<4.  2">4.    I  hf  ccpii.ilopdcl  clinunatophorf  with  a,  piynicnt  concentrated  and  h, 
piyintMit  disjicrsftl.    F  roin  Bo/ler."' 

I  he  chromatophores  of  the  cephalopods  are  highly  organized  groups  of 
cells,  fiach  comprises  a  central  uninucleate  cell  Filled  with  pigment  and  pos 
sessing  a  highb  elastic  cell  membrane."'  Radiating  out  from  the  central  cell 
in  the  plane  ol  the  skin  are  from  d  to  20  or  more  uninucleate  smooth- 
muscle  libers.  All  the  (ibcrs  ol  a  chromatophore  usually  contract  simultane- 
ously, stretching  out  the  small,  s]iherical,  central,  pigmented  cell  into  a  disc 
having  a  diameter  (ifteen  to  twentx  times  that  of  the  original  sphere.  The 
sjiherical  hirm  is  restored  by  the  el.isticity  of  the  membrane  of  the  central 
|)igmented  cell  alter  relaxation  ol  the  radiating  hbers.  A  single  nerxe  Hber  is 
saitl  to  SLippK  each  muscle  llbcr;'"  its  terminal  arborizations  disperse  broadly 
n\v\-  the  siiil.ice  ol  the  muscle.  ,\o  motor  ;'nd  pi. iti's  are  jiresent,  and  curare 
IS  reporU'd  to  be  inellectixe  in  blocking  iutnous  activation.  I  he  musck  libers 
show  .1  rapidity  ol  contraction  to  electrical  stimuli  approaching  that  of  striated 
muscle  lilx-rs     C  h.    ki   . 

Little  or  nothing  is  known  ahoiil  the  chemical  nature  of  the  pigments  of 
cephalopods.  Octopus  possesses  two  kinds  of  chromatophores,  one  contain- 
ing .1  leildish  blown  pigment,  and  the  other  a  yellow.  The  sc|uid,  /  o//go,  has 
three  ivpes;  hidwii,  ncl,  .\\\i.\  vellow.  Undi-rKing  these  chromatophores  is  an 
imniobilc  l.ivei  ol   li<_;lit  ri'lUxiinu  piwnu'nt. 
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By  means  of  their  special  type  oF  chromatophores  the  cephalopods  arc 
able  to  show  more  rapid  color  changes  than  other  animals. 

In  animals  other  than  the  cephalopods,  the  chromatophores  are  single  cells 
(e.g.,  in  most  vertebrates)  or  closely  associated  groups  of  cells  or  s\nc\tia 
(e.g.,  in  crustaceans).   These  were  once  thought  to  be  ameboid  cells,  con- 


Fig.  255.    A  series  oi  photographs  of  a  single  white  chromatoi^hore  ot  Pcilncniunclcs  as 
its  pigment  tully  concentrates  in  response  t(^  a  black  backgrounti,  antl  then  re  ihsperscs     i 
on  return  ot  the  animal  to  a  v\'hite  background.   From  Brown."' 

traction  of  whose  processes  resulted  in  a  concentration  of  the  pigment  mass 
into  a  small  sphere,  and  whose  e\tcnsi\e  jiscudopodial  iModuction  rcsiihcd  in 
a  broad  dispersal  of  the  pigments.  Nov\  it  is  generally  considcrctl  that  the 
chromatophore  has  a  permanently  arborizing  iorm,  and  that  the  pigment 
granules  either  become  concentrated  into  the  chromatophore  center  to  h)rm 
a*  punctate  mass  or  become  dispersed  to  \ar\ing  degrees  through  ihe  in 
tricately  branching  structure"-  to  impart  color  to  the  macroscopic  appear- 
ance of  the  animal.  Matthews  and  others  ha\e  reported  obserxing  branches 
of  chromatophores  whose  pigment  was  in  the  punciate  condition.  .Also  sup- 
porting this  \'iew  has  been  the  demonstration  of  the  striking  similarity,  e\en 
to  the  minute  terminals  of  a  chromatophore,  alter  pigment  dispersal  on  t\\<i 
different  occasions--'"-  '^*-  ""'  (' 'M-  -5S;. 

in  typical  details  of  form,  pignients,  and  reactions,  however,  each  ani- 
mal, species,  or  group  has  its  ow  n  chromatojihoral  peculiarities.  C  hromato 
phores  are  known  as  monochromatic,  dichromatic,  or  polychromatic,  de 
pending  on  v\'hether  they  possess  one,  tw(\  or  niore  kinds  of  pigment.  1  he 
crustaceans  commonly  possess  di-  or  iiolyclironiatic  chi-oi-natophores,  with  cich 
pigment  typically  dispersing  out  into  its  own  processes  and,  when  con 
centrated  into  the  chroiiiatophore  center,  [possessing  its  own  distinct  indi 
viduality.  In  fact,  in  the  responses  oi  the  crustacean  chromatophore  svsteni 
to  colored  backgrounds  the  sewral  pigments  within  a  single  chrom,ito|ihore 
may  show  a  considerable  degree  of  indcjxndencc  ol  one  another.-' 
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In  insects  the  epidermal  cells  themselves  serve  as  functional  chromato- 
phores.  During  darkening  of  the  skin  the  dark  brown-black  pigment  within 
these  cells  migrates  from  small  concentrated  masses  below  an  evenly  dis- 
persed yellow  and  green  pigmented  layer  to  a  more  superficial  position, 
where  it  disperses  (Fig.  256).  The  red  pigment  in  skin  darkening  disperses 
from  small  spherical  masses  to  form  a  continuous  sheet  of  pigment.*"^  Thus 
the  forces  which  operate  in  pigment  concentration  and  dispersal  in  chroma- 
tophores  in  general  are  apparently  of  such  a  nature  as  can  operate  within 
the  limits  of  more  conventionally  shaped  cells.  Migration  of  a  red  hemato- 
chrome  pigment  in  Euglena,  from  a  deeper  position  in  the  body  internal  to 
the  chloroplasts  to  a  dispersed,  superficial  position,  results  in  a  green  to  red 
color  change  in  response  to  elevated  light  intensity.*^'*-  ^^ 
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Fig.  256.  Diagrammatic  sections  thru  the  epidermis  of  Hght  (upper)  and  dark  (lower) 
adapted  Dixippus.  The  coarsest  stippling  (3)  indicates  brown-black  pigment;  the  inter- 
mediate stippling  (2),  red  pigment;  and  the  finest  (1),  yellow-green  pigment.  From 
Giersberg."* 

In  and  associated  with  the  chromatophores  of  crustaceans  are  a  number 
of  different  colors  of  pigments.  The  kinds  which  are  present  vary  with  the 
species  and  even  occasionally  among  individuals  within  the  same  species 
having  different  histories.  Yellow  and  red  fat-soluble  pigments  appear  to  be 
of  quite  general  occurrence  within  the  group.  These  are  carotene  deriva- 
tives.'**'  ^°^  Also  of  quite  general  presence  is  a  reflecting  white  pigment  which 
has  been  described  as  guanin.  The  majority  of  the  macruran  decapods  pos- 
sess a  transparent  blue  pigment,  which  is  a  carotenoid  conjugated  with  a 
protein  (carotenalbumin).^'"'  In  fact  the  application  of  heat  or  alcohol  to  in- 
tegument containing  the  blue  pigment  results  in  its  rapid  transformation  from- 
a  water-soluble  blue  to  a  fat-soluble  red  pigment.  Finally,  in  certain  crusta- 
ceans a  black  or  brownish-black  pigment  is  present.  This  pigment,  a  melanin, 
is  found  in  Crago  among  the  macrurans,  in  many  true  crabs,  and  in  manv 
isopods. 
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The  chromatophores  of  the  vertebrates  in  general  resemble  those  of  crusta- 
ceans. Unlike  the  latter,  however,  they  usually  comprise  single  cells  and 
are  for  the  most  part  monochromatic.  The  predominant  pigment  is  melanin, 
and  it  is  the  activity  of  the  melanophores  which  is  principally  responsible 
for  the  conspicuous  color  changes  in  this  group.  In  many  vertebrates  reflect- 
ing white  chromatophores,  the  guanophores  or  leucophores  are  also  found. 
Chromatophores  known  as  lipophores,  containing  fat-soluble  red  pigment 
(erythrophores)  or  yellow  pigment  (xanthophores),  are  often  present.  These 
pigments  are  commonly  xanthophyll  or  derivatives  of  it.'*^  In  addition  to 
these  more  conventional  types  of  pigment  cells,  there  are  sometimes  glisten- 
ing bluish-green  bodies,  the  iridocytes,  whose  color  and  color  changes  are 
structural  ones  dependent  on  the  form,  arrangement,  and  movements  of  fine, 
platelike  crystals. 


Fig.  257.  Sections  through  scales  of  Anolis  showing  the  condition  of  the  chromatophores, 
A,  in  the  brown  state  and  B,  in  the  green  state.  From  Kleinholz."* 

Supplementing  the  contribution  of  the  chromatophores  themselves  to  the 
coloration  of  the  vertebrate  there  is  often,  as  in  the  cephalopods,  an  immobile 
layer  of  whitish  or  yellowish  pigment.  This  pigment  is  responsible  entirely 
for  the  tint  of  the  animal  when  the  active  chromatophores  contribute  little 
or  nothing,  or  it  cooperates  with  the  chromatophores  in  producing  the  normal 
coloration.  In  species  such  as  the  lizard,  Anolis,  the  bodies  of  the  melano- 
phores lie  beneath  such  a  passive  layer  of  pigment.  As  the  animal  darkens 
in  response  to  appropriate  stimulation  the  melanin  streams  within  melano- 
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phore  processes  to  a  position  superficial  to  the  inert  light-colored  layer,  there- 
by concealing  the  latter''''-  '^^  (Fig.  257). 

The  rate  ol  physiological  color  change  is  limited  by  the  rates  of  mechanical 
response  of  the  effector  organ  and  of  its  controlling  mechanism.  There  is, 
however,  great  variation  in  such  rates  among  animals.  The  squid  is  able  to 
carry  out  maximum  color  change  in  a  matter  of  seconds,  as  is  also  the  squir- 
rel-fish, Holocentrns.  A  few  minutes  suffice  for  maximum  color  change  in 
the  minnows,  Fiindtiliis  and  Lehistes.  From  one  to  several  hours  are  needed 
by  many  crustaceans,  insects,  and  the  catfish,  Ameiurns,  and  days  are  re- 
quired for  comparable  maximum  changes  in  the  flatfishes,  the  eel,  Anguillula, 
elasmobranchs,  and  amphibians. 

A  number  of  methods  have  been  utilized  in  the  measurements  of  physio- 
logical color  changes.  These  have  been  critically  reviewed  by  Parker. ^^'*  None 
of  the  methods  permit  complete  differentiation  between  influences  which 
are  in  part  the  result  of  the  morphological  color  changes  and  those  which 
are  purely  physiological.    Instead,  the  measurements  are  generally  based  on 


^    -^m'  '!^^w   ''^-'W^^^ 
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Fig.  258.  Melanophores  showing  various  degrees  of  pigment  dispersion.  1,  Punctate;  2, 
punctostellate;  3,  stellate;  4,  reticulostellate;  5,  reticulate.  From  Hogben  and  Slotoe." 

time  intervals  of  sufficient  brevity  to  assure  that  morphological  changes 
would  not  have  influenced  the  results  significantly.  One  group  of  methods 
employs  simply  the  gross  changes  in  color  of  the  animal  as  an  index  of  the 
extent  of  dispersion  of  the  dark  pigments.  This  may  involve  a  visual  deter 
mination  in  which  the  animal  is  merely  described  as  being  light,  dark,  or 
intermediate,  or  in  which  subjective  grades  of  variation  between  known 
extremes  are  estimated  and  expressed  numericallv"*^  in  four  or  five  grades. 
Some  of  the  subjective  aspects  have  been  removed  by  a  method  employing 
photometric  determination  of  the  fraction  of  the  incident  light  reflected  from 
a  unit  area  of  skin  surface, "'*  or  the  relative  amounts  of  light  transmitted  by 
isolated  fish  scales. ^''•^ 

A  second  group  of  methods  has  been  based,  not  on  the  gross  light  ab 
sorptive  changes  in  the  skin,  but  rather  on  the  changes  in  the  chromato- 
phorcs  themselves.  One  of  these  methods  was  measurement  of  the  actual 
diameter  changes  in  the  individual  chromatophores.  This  method  was  em- 
ployed originally  by  Spaeth"^'  for  fish  melanophores  and  has  since  also  been 
applied  to  crustaceans.--^  Another  method  of  this  type,  and  one  rather  exten- 
sively adopted,  is  one  originally  proposed  by  Slome  and  Hogben'^-  (Fig. 
258),  in  which  the  chromatophore  state  was  numerically  described  as  fol- 
lows: 

1  =  Punctate;  2  =  Punctostellate;  3  =  Stellate;  4  =  Reticulo-stellate; 
5  =  Reticulate.  This  system  has  the  advantage  that  quick  inspection  can, 
after  a  little  practice,  yield  a  numerical  value  which  is  adequate  for  many 
comparative  purposes. 
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In  conjunction  v\ith  both  of  the  preceding  groups  of  methods,  technics 
have  often  invoKed  photomicrography'-'  or  the  rapid  (often  heatj   lixation 
of  the  animal  for  more  leisurely  analysis  later,  using  temporarx   or  perman 
ent  skin  preparations.-''- "'"" 

Morphological  Color  Changes.  Morjihological  color  changes  inxoKe  the 
accumulatit)n  or  chemical  production  or  the  destruction  of  pigment  within 
the  chromatophores.  In  the  normal  adapti\e  color  changes  of  animals,  jihy 
siological  and  morphological  color  changes  proceed  simultaneouslv .  The 
morphological  changes  ma\'  result  in  both  an  increase  in  the  amount  ol 
pigment  within  each  pigment  cell  and  an  increase  in  the  number  ol  lunc 
tional  chromatophores  per  unit  area  of  skin.--'  '-"  Quantitative  studies  ol 
morphological  color  changes  have  corre>pondingly  invoKed  two  tspes  ol 
technics:  (1)  the  determination  of  changes  in  the  number  of  lunctional 
chromatophores  per  unit  area  of  surface,  and  (2)  the  determination  ol 
changes  in   the  total   pigment  content   of   the  animals  by  chemical   extrac- 


Fig.  259.  A,  Graph  showing  rate  of  loss  of  red  pigment  frcjm  the  bodies  oi:  PaJiicnuiiictes 
kept  on  a  white  background.  B,  Graph  showing  increase  in  quantity  of  red  pigment  in 
the  bodies  of  animals  kept  on  a  black  background.   From  Brown." 


tion  and  colorimetric  determinations  of  pigment  c]uantity  in  the  extracts''"' 
(Fig.  259).  This  whole  subject  has  been  abl\  rexiewed  tor  xcrtchrates 
by  Sumner,'''"  and  in  general  the  situation  among  in\ertebrates  seems  to  jmc 
sent  a  quite  similar  picture. 

There  appears  to  be  a  close  functional  relationship  between  physiological 
and  morphological  color  changes.  A  correlation  between  the  two  has  bed 
noted  by  many  in\estigators.''"'- '-  Maintained  conccntrdiion  ol  a  jiigment 
within  a  chromatophore  seems  usualK  to  be  correlated  with  a  reduction  in 
quantitv  of  that  pigment,  and,  con\ersel\,  pigment  tlisjxrsion  apjiears  asso- 
ciated with  the  pigment  production.  1  he  expression  ol  this  relationship  has 
sometimes  been  referred  to  as  Babak's  law.'-  It  would  appear  either  (1)  that 
pigment  formation  or  destruction  resulted  Irom  the  state  ol  dispersion  ol  the 
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pigment,  or  (2)  that  both  physiological  and  morphological  color  changes 
were  effected  in  a  parallel  manner  by  the  same  controlling  mechanisms.  The 
latter  idea  seems  to  be  more  prevalent,  especially  in  view  of  the  fact  that  the 
process  may  even  involve  the  production  of  new  chromatophores. 

There  is  some  reason  for  postulating  that  morphological  color  changes  are 
more  primitive  than  the  physiological  changes.  Color  changes  by  this  method 
appear  to  occur  in  numerous  species  which  are  known  to  show  no  physiolog- 
ical color  changes,  as  for  example  in  certain  spiders^^  and  insect  larvae.^^" 

COLOR  CHANGES  IN  ANIMALS 

The  chromatophore  system  of  animals  is  influenced  by  a  number  of  factors. 
We  shall  discuss  briefly  some  of  the  more  prominent  of  these. 

Temperature.  Temperature  appears  to  have  little  influence  on  the  colora- 
tion of  animals.  Within  wide  limits  of  normal  temperatures,  the  coloration 
is  determined  by  other  factors.  Elevation  of  the  temperature  of  the  reptile 
into  the  35-45°  C.  range,  however,  usually  results  in  a  contraction  of  the 
dark  pigment,  with  consequent  lightening  of  the  animal. ^'^^  Low  tempera- 
tures, of  about  1  to  5°  C,  usually  induce  darkening.  Among  the  inverte- 
brates, on  the  other  hand,  the  situation  is  not  as  uniform.  The  shrimp,  Mac- 
rohrachiiim,  darkens  at  both  high  and  low  temperatures,"^  as  does  also  the 
isopod,  IdotheaM^  Hippolyte,  on  the  other  hand,  has  been  described  as 
blanching  at  high  and  low  temperatures.^^ 

Humidity.  Color  changes  in  the  walking-stick  Dixippiis  are  influenced  by 
change  in  humidity.  High  humidity  induces  darkening. ^^ 

Tactile  Stimulation.  In  general,  tactile  stimulation  seems  to  have  onlv  lit- 
tie  influence  on  the  chromatophore  system.  It  was  once  believed  that  the 
color  changes  of  the  tree-frog  were  to  a  great  extent  response  to  the  texture 
of  the  background  to  which  it  was  attached,  the  frog  becoming  dark  on  a 
rough  background  and  green  on  a  smooth  one,  but  it  is  now  generally  agreed 
that  this  is  not  the  case.  Tactile  stimulation  of  the  suctorial  discs  of  certain 
cephalopods  has  been  reported  to  influence  the  chromatophores  reflexly.^^^ 
Schlieper^*^^  has  reported  that  Hyperia  galha,  a  crustacean  parasite  on  jelly- 
fishes,  becomes  pale  when  normally  attached  to  its  host  but  darkens  when 
swimming  freely.  Attachment  to  any  surface,  whether  black  or  white,  is  said 
to  induce  in  this  parasite  the  paling  response  which  is  obviouslv  adaptive, 
since  it  usually  becomes  attached  only  to  its  highly  transparent  normal  host. 

Psychical  Stimuli.  The  chromatophores  of  some  animals  appear  to  be  in- 
fluenced by  psychic  states.  An  excited  squid  or  cuttlefish  shows  extraordinary 
plays  of  color.  Such  color  plays  may  be  caused  by  the  presence  of  a  predator, 
such  as  a  large  crab.  The  changes  often  take  the  form  of  waves  of  change 
passing  smoothly  and  rapidly  over  the  surface  of  the  bodv.  Color  plays  also 
frequently  appear  to  contribute  in  some  manner  to  mating  behavior  in  these 
animals. 

Reptiles  also  show  characteristic  color  changes  when  excited.  The  horned- 
toad,  Phrynosoma,  on  strong  excitement  exhibits  a  blanching  known  as  "ex- 
citement pallor."  Anolis  when  going  into  combat  with  another  or  when  ma- 
nipulated roughly  shows  a  peculiar  change  of  coloration  to  a  mottled  condi- 
tion."'' 

Light.  By  far  the  most  important  single  environmental  factor  influencing 
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the  state  oF  the  chromatophore  system  of  animals  is  hght,  and  in  the  great 
majority  of  animals  the  method  of  action  of  the  light  invokes  principally 
the  eyes,  central  nervous  system,  and  \arious  types  of  efferent  pathvva\s,  ner- 
\'ous,  hormonal,  or  both.  The  importance  of  the  eyes  is  clearly  manifested  in 
observing  the  immediate  cessation,  or  great  change  in  character,  of  color 
changes  on  the  blinding  of  the  animal.  Color  changes  which  are  controlled 
by  way  of  the  eves  are  known  as  secondary  responses,  in  contrast  with  pri- 
mary responses,  which  are  those  proceeding  under  the  influence  of  light 
through  routes  other  than  the  eyes.  The  latter  may  involve  either  a  direct 
action  of  light  on  the  chromatophores  or  an  influence  of  light  operating  re- 
flexly  on  the  chromatophores  through  extra-ocular  receptor  mechanisms. 

Secondary  color  changes  dominate  the  situation  in  most  adult  animals. 
Through  a  wide  range  of  light  intensities  these  changes  do  not  result  from 
changes  in  the  total  quantity  of  light  striking  the  eye,  but  rather  they  are 
determined  by  the  values  of  the  ratios  of  the  amount  of  light  directly  strik- 
ing the  eye  from  above  to  die  amount  of  light  reflected  from  the  background 
on  which  the  organism  resides.   On  an  illuminated  black  background  where 
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Fig.  260.  A,  Relationship  between  the  log  of  the  incident  Hght  intensitj'  and  the 
average  diameter  of  the  melanophores  of  the  minnow,  Ericyinha.  B,  Relationship  between 
the  ratio  of  incident  intensiiy  to  reflected  intensity  striking  the  eye  and  the  average 
melanophore  diameter.   From  Brown."' 


the  ratio  is  large,  the  animal  becomes  dark,  and  on  an  illuminated  white 
background  where  the  ratio  is  small,  the  animal  becomes  pale,  irrespective  of 
the  total  illumination.  It  can  be  shown  that  there  is  a  good  direct  correlation 
between  the  value  of  the  ratio  of  incident  light  to  reflected  light  reaching 
the  eye  of  the  animal  and  the  degree  of  black  pigment  dispersion-^-  ^^^  (Fig. 
260,  B)  or  the  amount  of  melanin  formed  in  melanophores,'*^"'  ^^'-^  and,  fur- 
thermore, that  neither  of  these  melanophore  responses  varies  significantly 
with  variation  in  intensity  within  a  wide  range  of  total  illumination. 
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Adapti\e  morphological  color  changes  in  response  to  background  have  also 
been  reported  For  the  chromatophores  of  crustaceans^''-  "  and  for  melano- 
phorcs,''''  lipophores,'  and  guanophores^'*''  of  a  number  of  fishes.  Functional 
melanophores  have  been  induced  to  form  on  the  normally  unpigmented  ven- 
tral surface  of  flounders  either  by  placing  normal  fish  in  black  tanks  illum- 
inated from  below,  or  by  blinding  the  animals  and  illuminating  them  from 

below.'-- 

The  influence  of  a  black  background  may  be  simulated  in  many  animals 
by  opaquing  the  lower  half  of  the  eye.  This  has  been  demonstrated  for  the 
walking-stick,  Dixippiis,^^-  '-^^  the  shrimps,  Palaemonetes^'-'  and  Leander,^'^ 
and  teleost  fishes."*" 

The  character  of  the  influence  of  light  in  the  secondary  color  responses  of 
animals  is  obviously  one  especially  adapted  to  provide  the  animal  with  a 
certain  degree  of  protective  or  obliterative  coloration  with  respect  to  its  back- 
ground. As  might  be  anticipated,  the  function  appears  in  general  better  de- 
veloped in  animals  which  are  bottom  dwellers,  or  which  spend  much  of 
their  time  quietly  attached  to  objects,  than  in  forms  which  are  more  freely 
mobile. 

The  adaptation  to  color  of  background  is  in  many  instances  by  no  means 
restricted  to  simple  blanching  and  darkening  on  white  and  black  back- 
grounds, respectively.  Adaptations  of  the  prawn,  Hippolyte,  to  many  colors 
and  tints  of  background  were  described  many  years  ago."*^'  ^^"^  More  recently 
it  has  been  shown  that  Crago  will  change  its  coloration  to  match  red  and 
vellow  backgrounds,  in  addition  to  black  and  white."^  Palaemonetes  has  been 
shown  to  change  its  color  within  a  few  days  to  accord  with  black,  white 
red,  yellow,  blue,  or  green  backgrounds.--^  The  crab,  Portiinus  ordivayi,  adapts 
to  black,  white,  red,  and  yellow,-  as  does  also  Planes.*''*  The  eephalopod,  Se- 
pia, becomes  gr?en  on  a  green  background  and  yellow  on  a  yellow  one.'**- 

Some  of  the  most  striking  examples  of  color  adaptation  in  \'ertebrates  are 
seen  in  flatfishes.  The  changes  in  the  flounder  Paralichthys  alhignttus  on  red, 
green,  yellow,  and  blue  backgrounds  have  been  described.^"^-  *'"  This  fish, 
moreover,  is  able  to  simulate  rather  strikingly  the  color  pattern  of  the  back- 
ground, thus  rendering  its  protective  coloration  even  more  effective.  Many 
other  teleosts  and  amphibians  are  able  to  show  yellow  tints  in  response  to 
yellowish  backgrounds. 

These  adaptations  to  color  of  background  are  the  results  of  appropriate 
differential  movements  of  the  various  pigments  within  the  chromatophores, 
supplemented  by  morphological  color  changes  to  reinforce  these  physiological 
ones.  In  these  activities  the  animal  may  show  the  capacity  for  inducing 
changes  in  the  distributions  or  amounts  of  its  various  pigment  types  more 
or  less  independently  of  one  another,  thus  indicating  complex  mechanisms 
of  chromatophore  control.  Species  may  be  limited  in  the  colors  of  back- 
ground to  which  they  can  adapt  themselves,  through  lack  of  suitably  col- 
ored pigments.  For  example,  Crago  lacks  blue  pigment  and  hence  is  unable 
to  adapt  to  either  blue  or  green.  Palaevionetes,  possessing  red,  yellow,  and 
blue  pigments,  can,  bv  a[>propriate  pigment  manipulation,  become  almost 
any  color,  including  black.  On  the  other  hand,  some  species  possess  pigments 
of  particular  colors  yet  appear  to  show  no  ability  to  adapt  to  backgrounds 
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of  those  colors.  An  example  of  this  is  seen  in  Dixippus,  which  is  apparently 
unable  to  become  reddish,  despite  the  possession  of  a  red  pigment  in  its 
integument. 

It  is  obvious,  from  the  foregoing  descriptions  of  color-adapti\e  ability, 
that  the  function  of  the  eyes  in  their  association  with  the  chromatic  mcchan 
ism  is  differentiated  not  only  in  the  dorsal  and  \entral  portions  but  also  to 
the  extent  that  lights  of  different  wave  lengths  are  distinguished  by  that  por- 
tion of  the  retina  stimulated  bv  the  reflected  light  to  produce  specific  chroma- 
tophore  activities. 

The  primary  color  responses  of  most  adult  animals  are  moderately  well 
subordinated  to  the  secondary.  In  the  typical  adult  organism  thev  are  best 
made  evident  through  blinding  the  animal.  Many  animals  are  able  to  show 
considerable  dispersion  and  concentration  of  their  pigments  in  light  and 
darkness  respectively,  after  blinding,  but  there  is  no  longer  any  response  to 
the  background.  Examples  of  this  latter  behavior  have  been  described  within 
all  the  major  animal  groups  which  exhibit  color  changes.  The  degree  of  in 
fluence  of  the  primarv  responses,  relative  to  the  secondary  responses,  appears 
to  vary  from  species  to  species  or  even  among  the  various  pigment  types  with- 
in a  single  species. 

The  most  general  mechanism  of  primary  response  is  one  of  a  direct  influ 
ence  of  light  on  the  chromatophores.  In  this  response  the  chromatophore 
acts  as  an  independent  efTector.  Primary  responses  of  this  character  have 
been  observed  in  (1)  vertebrate  chromatophores  after  complete  denervation 
of  the  pigment  cells  resulting  from  nerve  transection  and  degeneration,  (2) 
localized  light  responses  in  species  whose  chromatophores  are  normally  not 
innervated,  and  (3)  in  young  specimens  whose  chromatophores  have  not 
vet  come  under  the  control  of  a  typical  secondary  mechanism. 

Color  chanoes  in  response  to  light  may  be  reflexly  induced  in  the  absence 
of  eves.  It  has  been  shown  for  Phoximis  that  the  midbrain  is  a  reccpti\'e 
mechanism  for  this  response.''"''  The  pineal  body  has  been  reported  to  be  a 
receptor  organ  in  the  pigmentary  response  of  Lampetra  larvae,-"^  with  the 
eyes  dominating  this  response  in  the  adult. 

The  majority  of  adult  animals  showing  color  change  have  their  coloration 
correlated  within  wide  ranges  of  illumination  with  background  color  rather 
than  with  general  intensity  of  illumination.  In  the  total  absence  of  light 
there  is  typically  a  blanching  of  the  animal,  but  often  not  to  the  extent  ob- 
served in  response  to  an  illuminated  white  background.  Some  species,  such 
as  Crago  and  Xenopus,  become  intermediate  in  shade  through  partial  dis 
persion  of  their  melanin.  It  has  been  shown  for  the  minnow,  Ericywha,  that 
upon  a  black  background  there  is  no  influence  of  amount  of  illumination  on 
the  coloration  as  long  as  the  illumination  is  higher  than  1.75  foot  candles;  at 
illuminations  below  this  value  the  average  diameter  of  the  melanophores  is 
a  linear  function  of  the  logarithm  of  the  incident  light,  down  to  0.00053 
foot  candles,   which   has   the  same  influence  as  complete  darkness"-'   (Fig 

260,  A'). 

Diurnal  Rhythms.  Another  important  factor  operating  in  the  control  of 
chromatophores  in  many  animals  is  a  persisting  diurnal  rhythm.  Many  spe- 
cies of  animals  continue  to  show  their  characteristic  night-day  color  changes 
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even  when  kept  under  constant  conditions  as  regards  illumination,  espe- 
cially in  constant  darkness.  Such  rhythms  may  persist  for  considerable 
lengths  of  time.  Idothea  kept  in  total  darkness  has  shown  the 
rhythm  to  persist  at  least  8  or  9  weeks.^^-"*  In  Uca,  the  diurnal  rhythm 
whereby  the  animals  pale  by  night  and  darken  by  day''-  •^''  is  so  strong  that 
only  slight  color  change  is  induced  by  variation  in  background  or  illumina- 
tion.■'•*  Some  interesting  characteristics  of  the  rhythmical  mechanism  con- 
trolling Uca  chromatophores  have  been  reported.'^'"'"'  '•''"'  Similar  rhythms  have 
been  found  among  vertebrates  such  as  Lampetra,-**'^  Phoxiniis,  salamander 
larvae,  frogs,  Phrynosoma,^^''^  and  the  chameleon.-"'' 

In  some  instances  where  the  diurnal  changes  are  normally  masked  by  re- 
sponses to  illuminated  backgrounds,  an  underlying  influence  of  the  rhythm 
may  be  evident  in  an  increased  rapidity  of  those  responses  which  tend  to 
support,  and  the  sluggishness  of  those  which  tend  to  antagonize,  the  par- 
ticular phase  of  the  rhythm  at  that  moment.  Thus  many  animals  more 
readily  adapt  to  an  illuminated  white  background  during  the  night  phase 
and  to  an  illuminated  black  one  during  the  day  phase,  or  show  corresponding 
differing  susceptibilities  to  injections  of  chromatophorotropins  in  the  night 
and  day  phases. 

FUNCTIONAL  ORGANIZATION  OF  CHROMATOPHORE  SYSTEMS 

Annelids.  Certain  annelids  become  pale  in  darkness  and  dark  when  illum- 
inated. This  has  been  obser\'ed  for  the  polvchaete,  Nereis  dumerWii,^'^  and 
the  leeches  Piscicola  geo-ntetra,^'^-  '^'■^  Protoclepsis  tessellata,^^'^  Heviiclepsis 
marginata,^--  ^^  Glossiphonio  complanata,^--  ^■^'  ^'•"*  and  Placohdella  parasitica 
and  P.  rugosa.^''^  In  no  case  has  there  been  demonstrated  any  response  to 
color  of  the  background. 

The  rhynchobdellid  leech,  Placohdella  parasitica,  a  common  parasite  on 
turtles  of  the  central  United  States,  possesses  three  types  of  pigment  cells. 
These  pigments  contribute  to  the  mottled  brownish  and  white  coloration 
shown  by  these  animals.  The  amount  of  white  varies  considerably  from 
specimen  to  specimen,  ranging  from  the  greater  part  of  the  dorsal  surface 
to  a  few  minute  lateral  papillae  and  a  short  median  line,  both  restricted 
to  the  anterior  half  of  the  animal.  One  type  of  pigment  cell  containing  a  pale 
yellowish,  granular  pigment  occupies  the  characteristic  longitudinal  mid- 
dorsal  stripe,  the  numerous  light  papillae,  and  segmental  blocks  along  the 
margin.  These  cells  show  no  physiological  responses.  Distributed  over  all 
the  darker  areas  of  the  body  are  relatively  large  chromatophores  containing 
dark  greenish  pigment.  This  latter  pigment  participates  in  physiological 
color  changes.  Another  pigment,  reddish  brown,  is  also  located  within  func 
tional  chromatophores.  These  last  chromatophores  are  much  smaller  than 
the  greenish  ones  and  are  located  more  superficially.  The  green  pigment  is 
alcohol-soluble;  the  reddish  brown  pigment  is  alcohol-insoluble.  The  Eu- 
ropean leech,  Protoclepsis  icsselata,  possesses  three  pigments:  brown,  green, 
and  yellow.  The  Mediterranean  polychaete.  Nereis  dmnerlii,  possesses  chro- 
matophores containing  yellow  and  violet  pigments. 

1  he  leech  Placohdella  parasitica,  like  other  annelids  showing  physiological 
color  changes,  blanches  in  darkness  and  darkens  when  illuminated.  The 
time  required  for  the  greenish  pigments,  which  arc  predominant  in  these 
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changes,  to  complete  their  concentration  in  darkness  or  dispersion  in  light 
is  approximately  one  hour. 

There  are  several  types  of  evidence  all  pointing  to  nervous  control  of  the 
green  chromatophores.  Decapitation  or  any  other  transection  or  injury  of 
the  nervous  system  results  in  a  darkening  of  pale  animals  kept  in  darkness.'^" 
This  darkening  may  persist  for  many  hours.  If  a  uniformly  pale  leech  in  dark- 
ness is  stimulated  faradicallv  at  either  the  anterior  or  posterior  end  the 
whole  animal  darkens.  If,  hovvex'er,  the  experiment  is  repeated  with  a  speci- 
men whose  nerve  cord  has  been  transected  in  the  middle,  only  that  half  of 
the  animal  receiving  the  stimulus  darkens,  the  body  beyond  the  point  of 
transection  remaining  light.  The  experiments  furthermore  give  little  evidence 
lor  direct  action  of  light  on  the  chromatophores. 

The  two  eyespots  at  the  anterior  end  appear  to  play  an  active  but  by  no 
means  an  exclusive  role  in  the  responses.  Decapitated  specimens  show  the 
characteristic  changes  even  though  responding  more  sluggishly.  When  speci- 
mens are  brought  from  darkness  into  light  and  one  half  of  the  body  is  im- 
mediately covered  with  opaque  paper,  the  covered  portion  remains  largely 
in  the  dark-adapted  phase  while  the  uncovered  portion  becomes  com- 
pletely light-adapted.  The  results  are  more  striking  when  the  posterior  end 
is  covered  than  when  the  anterior  end  is.  These  experiments  suggest  a  role  of 
generally  distributed  photoreceptors  operating  through  segmental  reflexes. 

The  reddish  brown  pigment  of  Placohdella  parasitica  appears  to  respond 
independently  of  the  green  and  shows  no  predictable  responses  to  background 
or  to  light  intensity.  Its  condition  is  more  or  Jess  variable  in  normal  speci- 
mens. When  dispersed  it  can  usually  be  made  to  concentrate  by  intense 
stimulation  of  the  animal.  In  animals  with  transected  cords,  the  response  to 
electrical  stimulation,  when  it  occurs,  passes  as  in  the  case  of  the  green 
cells,  only  to  the  point  of  transection.  Thus  it  would  appear  that  the  net- 
vous  system  controls  the  reddish-brown  chromatophores  directly,  but  that 
excitation  induces  concentration  rather  than  dispersion,  as  in  the  case  of 
the  green. 

Echinoderms.  It  was  reported  many  years  ago-'*^  that  the  Mediterranean 
sea-urchins,  Arhacia  pustidosa  and  Centrostephanus  longispinus,  became 
lighter  in  color  on  transfer  from  light  to  darkness.  These  observations  have 
recently  been  confirmed."^  Illuminated  Arhacia  pustulosa  are  blackish  in 
color  whether  on  a  white  or  on  a  black  background,  but  in  darkness  become 
brown  in  color.  Centrostephanus  longispinus,  which  are  dark  purple  in  light, 
change  in  darkness  to  gray.  The  color  changes  require  about  one  or  two 
hours  for  their  completion.  Microscopic  examination  of  tube  feet  removed 
from  light-adapted  and  dark-adapted  individuals  show  numerous  reddish 
brown  chromatophores  with  their  pigment  dispersed  in  the  light-adapted  and 
concentrated  in  the  dark-adapted  individuals.  The  color  changes  in  these 
urchins  therefore  appear  to  be  due  to  the  movements  of  pigments  within 
definite  chromatophores.  The  chromatophores  of  isolated  tube  feet  which 
have  been  mounted  on  a  microscope  slide  respond  to  illumination  and  dark- 
ness in  the  same  manner  as  when  they  are  present  in  the  intact  animal,  in- 
dicating that  the  chromatophores  are  responding  to  the  light  either  directly 
or  by  way  of  local  reflex  pathways  comparable  to  those  known  to  function 
in  the  locomotor  movements  of  the  tube  feet. 
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The  American  species  of  Arhacia,  Arhacia  pinctnlata,  appears  to  show 
no  color  changes  comparable  to  those  just  described. ^-^ 

Cephalopods.  Man\'  cephalopods  show  remarkably  rapid  color  changes  as 
a  result  of  the  activity  of  their  peculiar  type  of  chromatophores.  These  changes 
mav  result  from  manv  different  types  of  stimuli,  but  light  is  one  of  the  most 
important. 

The  chromatophores  are  primarily  controlled  by  the  nervous  system.  Cut- 
ting a  nerve  innervating  a  particular  region  of  the  body  results  in  an  immedi- 
ate cessation  of  all  color  changes  in  that  region.  It  was  shown  long  ago  that 
after  a  mantle  connective  is  cut  ^^  there  is  a  paralysis  of  the  chromatophores 
of  the  corresponding  half  of  the  body  and  a  consequent  blanched  coloration. 
Since  the  connectives  between  mantle  ganglion  and  the  chromatophores  are 
still  intact  it  is  obvious  that  the  ganglion  contributes  little  to  the  control  by 
itself,  and  that  the  normal  control  over  the  responses  resides  in  higher  cen- 
ters of  the  nervous  system.  The  cerebral  ganglion  of  the  brain  appears  to 
possess  an  inhibitory  center  for  the  chromatophore  system;'^'*'  ^^^  '"*  after  its 
destruction  or  inactivation  there  is  tonic  expansion  of  the  chromatophores. 
The  inhibitory  center  is  believed  to  operate  through  control  of  a  color  cen- 
ter^^''  located  in  the  central  ganglia,  which  in  turn  operates  through  motor 
centers  found  in  the  subesophageal  ganglia.  The  motor  centers  each  control 
the  chromatophores  of  the  corresponding  halves  of  the  body. 

The  eyes  are  the  chief  sense  organs  influencing  the  central  nervous  cen- 
ters. Bilateral  blinding  does  not  eliminate  changes  of  color,  but  the  changes 
which  then  occur  are  in  no  sense  adaptive  changes.  If  only  one  eye  is 
blinded,  the  responses  of  the  chromatophores  on  the  corresponding  side  of 
the  body  are  diminished. 

Another  significant  source  of  influence  on  the  color-control  centers  are  the 
suckers  on  the  arms.  If  these  are  all  extirpated  there  is  a  considerable  loss 
of  tone  in  the  chromatophores  and  hence  skin  lightening  occurs.^^^  Removal 
of  both  eyes  and  suckers,  however,  does  not  entirely  eliminate  the  chromato- 
phore responses.  After  such  an  operation  vigorous  stimuli  will  still  result  in 
color  changes,  probably  as  a  result  of  stimulation  of  tactile  organs,  organs 
of  equilibrium,  etc. 

The  chromatophores  of  the  side  of  the  animal  that  is  lowermost,  when 
the  animal  is  in  contact  with  the  substrate,  always  are  more  contracted  than 
those  of  the  remainder  of  the  body.^^^  This  is  not  a  direct  influence  of  il- 
lumination as  one  might  first  suspect,  for  it  cannot  be  reversed  by  illumina- 
tion from  below  instead  of  above.  Rather,  it  appears  to  be  part  of  a  postural 
response  involving  stimulation  of  tactile  receptors  reflexly  through  the  cen- 
tral nervous  System,  resulting  in  the  kxralized  chromatophore  contraction. 

The  substances  tyramine  and  betaine  are  known  to  be  present  in  the  blood 
of  cephalopods.  The  former,  like  adrenalin,  increases  the  tonus  of  the  motor 
centers,  resulting  in  a  darker  coloration. ^^^  Betaine,  on  the  other  hand, 
like  pilocarpine  or  acetylcholine,  appears  to  decrease  the  chromatophore 
tone  by  stimulation  of  the  inhibitory  center.  If  one  transfuses  blood  from  a 
characteristically  darker  species,  such  as  Eledone  or  Octopus  macropus,  into 
a  lighter  O.  vulgaris,  the  latter  darkens.*^^  Interconnection  of  the  circula- 
tory system  of  the  two  will  yield  comparable  results.  Tyramine  is  known  to 
be  more  concentrated  in  the  blood  of  these  darker  species  than  in  that  of 
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the  lighter  ones.  Surgical  removal  of  the  posterior  salivary  gland,  known  to 
be  the  important  source  of  tyramine  in  the  blood  of  these  animals,  results 
in  an  increase  in  paleness  and  a  complete  loss  of  tone  of  the  chromato- 
phores.^"^ Darkening  may  be  induced  again  by  injection  of  tyra- 
mine solutions.  It  thus  appears  evident  that  tyramine,  and  probably 
betaine  as  well,  function  as  humoral  agents  operating  to  modify 
the  general  tone  of  the  chromatophores  through  the  central  nervous 
centers.  Furthermore,  studies  of  denervated  chromatophores^*'^'"'*  suggest 
that  both  tyramine  and  betaine  also  exett  a  tone-increasing  action  on  the 
chromatophores  themselves,  thus  functioning  directly  as  well  as  indirectly 
on  the  chromatophores. 

Superimposed  upon  the  slower  humoral  influence  is  the  more  conspicuous 
nervous  mechanism  responsible  for  the  rapid  color  changes.  Certain  obser- 
vations have  led  to  the  hypothesis  that  the  chromatophores  have  a  double  in- 
nervation. If  an  isolated  piece  of  the  integument  of  Loligo  containing  chroma- 
tophores is  allowed  to  stand  for  some  time,  the  chromatophores  first  contract 
and  later  reach  a  condition  of  maintained  partial  expansion.  Electrical  stimu- 
lation of  these  latter  results  in  chromatophore  contraction.  Here,  therefore, 
electrical  stimulation  appears  to  act  to  inhibit  the  tonus  of  the  chromatophore 
musculature."''  '^  On  the  other  hand,  single  electrical  shocks  to  the  chromato- 
phore nerve  or  to  the  chromatophores  themselves  give  single  twitches  of  the 
chromatophore  muscle.  Repeated  shocks  give  tetanus  and  consequent  chro- 
matophore expansion.  Bozler  therefore  concludes  that  LoUgo  chromatophore 
muscles  receive  double  innervation,  an  excitatory  and  an  inhibitory  element. 

Insects.  A  number  of  insects  can  change  their  coloration  in  response  to 
external  stimuli,  usually  as  the  result  of  morphological  color  changes  only. 
Among  factors  having  such  eflFects  are  temperature,  humidity,  general  ac- 
tivity, and  illumination.  In  only  a  few  species  are  there  the  relatively  rapid 
physiological  color  changes. 

Many  butterfly  pupae  are  darker  or  lighter  in  coloration,  depending  on 
whether  they  are  reared  at  lower  or  higher  temperatures,  respectively.  The 
effect  of  temperature  operates  in  Vanessa  through  the  head,  the  pupa  taking 
on  a  coloration  which  is  determined  by  the  temperature  of  that  portion  of  the 
body  when  the  head  and  body  are  maintained  at  different  temperatures.-^'*  A 
similar  influence  of  temperature  on  the  degree  of  development  of  the  dark  pig- 
ments has  been  observed  for  the  wasp,  Hahrohracon,^*'-  ""'-•  "'''^  and  the  bug 
Perilhisy'' 

The  colors  of  Pieris  brassicae  are  due  to  melanin  in  the  cuticle,  white  pig- 
ment in  the  hypodermal  cells,  and  green  pigment  in  the  deeper  tissues.  The 
coloration  of  these  pupae  is  also  influenced  by  the  backgrounds.  On  black  or 
red  background  the  pupae  are  grayish-white,  whereas  on  green  or  orange 
backgrounds  they  are  clear  green,  the  latter  background  suppressing  for- 
mation of  the  black  and  white  pigments. ^^-  "*-  Exposing  the  pupae  to  colored 
lights  gives  the  same  results  as  the  colored  backgrounds.  The  eyes  or  some 
other  head  structure  is  essential  for  the  response,  for  it  ceases  and  the  ani 
mals  behave  as  in  darkness  when  th©  eyes  are  extirpated  or  the  animal  is  de- 
capitated.^'''  ^^-  -^' 

The  migratory  locust,  Locusta  migratoria,  shows  a  limited  ability  to  adapt 
its  coloration  to  backgrounds.^*''  Through  variations  in  the  quantities  of  yel- 
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lowish  and  black  pigments  the  locusts  may  become  yellowish-white,  brown, 
or  black.  The  quantity  of  black  pigment  formed  seems  to  depend  on  the 
ratio  of  incident  to  reflected  light  striking  the  eyes;  the  amount  of  the  yel- 
lowish pigment  appears  to  depend  on  the  predominant  wave  lengths  of  the 
light  present,  being  formed  more  rapidly  at  longer  wave  lengths  (550-660 
m/i)  and  less  rapidly  at  shorter  ones  (450-500  m/x).  When  this  species  enters 
its  swarming,  migratory  phase  a  skin  coloration  darker  than  in  the  solitary 
phase  is  produced.  There  is  some  evidence  that  the  darker  coloration  is  a 
result  of  the  more  intense  metabolic  activity.  When  migrating  locusts  are 
returned  to  solitary  conditions  they  will  regain  their  lighter  color  phase,  but 
this  color  change  is  delayed  if  the  isolated  locust  is  kept  in  a  constantly  ex- 
cited state.'*'' 

A  few  insects  show  color  change  which  can  be  traced  to  redistribution  of 
pigments  within  pigment  cells  or  chromatophores.  Corethra  shows  a  rapid 
physiological  color  change  of  its  air  sacs.'"'*  This  last  is  due  to  the  presence 
of  special  pigment  cells.  On  a  black  background  the  pigment  becomes  dis- 
persed and  the  pigment  cells  are  scattered  uniformly  over  the  sacs.    On  a 


Fig.  261.  Diagram  illustrating  the  use  of  a  moist  chamber  as  a  stimulus  for  producing 
darkening  in  Dixippus.  The  darkening  in  this  instance  is  in  response  to  abdominal  stimu- 
lation and  commences  at  the  head  and  passes  posteriorly  only  as  far  as  an  anterior  thoracic 
ligature.  From  Giersberg."* 


white  background  the  pigment  concentrates  and  the  cells  appear  to  wander 
to  one  side  of  the  sacs.  The  eyes  are  involved  in  these  reactions,  as  is  also 
the  brain. 

The  color  changes  of  the  Phasmid,  Dixippus  morosus,  have  been  investi- 
gated rather  extensively.  The  hypodermal  cells  of  this  species  contain  four 
pigments,  brown  (melanin),  orange-red  and  yellow  (lipochromes),  and 
green. ''^'  *^''*'  ^^'^  The  brown  and  orange-red  pigments  show  active  concentra- 
tion and  dispersion  within  the  cells  in  response  to  external  stimuli.  The 
green  and  yellow  pigments  show  no  such  activity.  Therefore  the  green  va- 
rieties found  in  nature  show  no  physiological  color  changes,  while  the  brown 
ones  do.  Brown  specimens  are  usually  dark  by  night  and  pale  by  day,  as  a 
result  of  dispersion  and  concentration,  respectively,  of  the  brown  and  orange- 
red  pigments.  A  partial  independence  of  a  direct  influence  of  light  in  these 
changes  is  indicated  by  the  persistence  of  typical  day-night  cycles  of  color 
change  in  animals  kept  in  constant  darkness.''*'''  ^^'*'  ^•'"  It  is  possible  to  re- 
verse the  rhythm  by  keeping  the  animal  in  illumination  bv  night  and  in 
darkness  by  day,  whereupon  the  newly  established  rhvthm  will  continue  in 
constant  darkness. 

Utilizing  the  fact  that  high  humidity  also  produces  body-darkening,  Giers- 
berg^"'''  ingeniously  proved  that  the  effect  of  this  stimulus  on  the  chromato- 
phores is  indirect,  operating  by  way  of  afferent  nervous  pathways,  the  brain, 
an  endocrine  source,  and  finally  a  blood-borne  agent.  When  the  posterior 
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half  of  a  pale  Dixippiis  is  inserted  into  a  small  moist  chamber  the  whole 
animal  darkens  in  30  to  60  minutes  (Fig.  261).  The  darkening  commences 
at  the  anterior  end,  which  lies  outside  of  the  chamber  in  dry  air,  and  gradu- 
ally spreads  backward  over  the  body.  Returned  to  dry  air,  the  animal  light- 
ens again  in  one  to  two  hours.  If  a  ligature  is  then  drawn  tightly  around 
the  anterior  thoracic  region  and  the  experiment  repeated,  the  darkening 
spreads  back  only  as  far  as  the  constricted  region.  If  the  ventral  nerve  cord 
is  carefully  transected  between  the  subesophageal  and  the  first  thoracic  gan- 
glia, or  between  the  subesophageal  and  the  supraesophageal  ganglia  of 
an  otherwise  normal  pale  animal  and  the  experiment  repeated,  there  is  no 
darkening  whatsoever,  but  if  the  animal  is  turned  about  and  the  head  in- 
inserted  into  the  moist  chamber,  the  head  darkens  first  and  the  darkening 
then  spreads  out  over  the  body  in  just  the  same  fashion  as  seen  in  unoperated 
specimens.  In  the  ligatured  animal  the  nerve  pathways  were  apparently  still 
able  to  conduct  anteriorlv  the  nerve  impulses  arri\'ino  from  the  nerve  end- 
inos  of  the  abdominal  region  which  were  stimulated  by  the  moisture.  A 
blood-borne  hormone  was  liberated  at  the  anterior  end  but  was  unable  to 
diffuse  posteriorly  past  the  ligature.  After  nerve-cord  transection  the  nerve 
impulses  were  prevented  from  reaching  the  brain  and  stimulating  the  lib- 
eration of  a  hormonal  substance.  Hormone  production  could  still  be  effected 
by  stimulation  of  nerve  endings  anterior  to  the  operated  region  and  then  the 
active  principle  was  free  to  pass  posteriorly  in  the  body  fluids. 

Further  evidence  that  the  physiological  color  changes  in  Dixippiis  are 
predominantly  controlled  by  hormonal  material  has  come  from  transplanta- 
tion of  portions  of  the  skin  of  one  animal  to  another.'""  The  transplanted  tis- 
sue begins  to  show  color  changes  entirely  paralleling  those  of  the  host  in  2 
or  3  days.  It  is  unlikely  that  the  transplant  tissue  would  have  received  any 
innervation  from  the  host  nervous  svstem  in  such  a  short  period.  In  fact,  nor- 
mal hypodermal  tissue  shows  no  indications  of  innervation. 

The  eyes  of  Dixippus  are  essential  to  the  normal  responses  to  light. ^" 
Section  of  the  optic  tracts  or  blackening  of  the  eye  surface  stops  responses. 

Dixippus  also  shows  responses  to  background  when  humidity  and  illum- 
ination are  kept  constant.  It  turns  dark-colored  on  black  and  red  surfaces,  and 
light-colored  on  white  and  yellowish  ones.  The  background  responses  are 
determined  by  the  ratio  of  light  striking  the  dorsal  and  the  ventral  halves  of 
the  eyes.  Painting  the  lower  half  of  the  eyes  black  brings  about  darkening  as 
on  a  black  background. 

Morphological  color  changes  in  response  to  illumination,  background,  and 
humidity  also  occur  in  Dixippus  and  appear  to  involve  the  same  mechanism 
of  control  as  does  the  physiological  change.  Such  change,  however,  requires 
stimulation  over  a  much  longer  period.'"'  ■"'•'  It  has  been  suggested  that  the 
substances  normally  influencing  physiological  changes  so  modify  the  general 
nutrition  and  metabolism  of  the  insects  as  to  result  in  corresponding  changes 
in  color  by  pigment  formation  or  destruction. 

Certain  mantids  also  exhibit  diurnal  color  changes'''^  which  correspond  very 
closely  with  the  diurnal  movements  of  the  retinal  pigments  in  the  lateral 
regions  of  the  compound  eye. 

Crustaceans.  The  crustaceans  exhibit  some  of  the  most  remarkable  in- 
stances of  color  adaptation  to  be  found  in  the  animal  kingdom.    Most  crusta- 
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ceans  possess  within  their  chromatophores  white,  red,  yellow,  and  often  also 
black,  brown,  and  blue  pigments.  By  appropriate  rearrangements  of  the  in- 
dividual pigments  within  the  chromatophores  many  crustaceans  are  able  to 
approximate  rather  closely  the  colors  of  the  backgrounds  on  which  they  come 
to  lie. 

Although  it  was  believed  by  all  the  early  investigators  that  the  chromato- 
phores were  controlled  by  nerves,  there  was  never  any  satisfactory  demon- 
stration of  nerve  terminations  at  the  chromatophores,  nor  did  nerve  transec- 
tion ever  appear  to  interfere  direcdy  with  the  responses  of  the  chromato- 
phores within  the  animal.  Koller,**^-  ^^  working  with  Crago  vulgaris,  pro- 
vided the  first  clear  evidence  that  a  blood-borne  agent  was  active  in  con- 
trolling the  chromatophores.  He  found  that  transfusion  of  blood  from  a 
specimen  darkened  on  a  black  background  into  a  light  animal  kept  on  a  white 
background  would  cause  darkening  of  the  light  animal.  No  evidence  for  a 
Hghtening  factor  was  obtained,  however,  by  the  reciprocal  transfusion.  He 
also  observed  that  blood  from  a  yellow-adapted  specimen  would  render  yel- 
low a  white-adapted  specimen. 

Perkins^^*  discovered  that,  although  denervation  of  an  area  of  the  body  of 
Palaemonetes  in  no  way  interfered  with  the  responses  of  the  region  when 
the  animal  was  placed  on  a  black  or  white  background,  occlusion  of  the  blood 
supply  to  any  region  resulted  in  an  immediate  cessation  in  the  responses  of 
that  region.  Readmission  of  blood  to  the  region  quickly  resulted  in  a  darken- 
ing or  lightening  of  the  region,  to  harmonize  with  the  color  of  the  remainder 
of  the  body.  These  results  were  interpreted  to  indicate  that  factors  for  dark- 
pigment  dispersion  and  concentration  were  conveyed  to  the  individual 
chromatophores  by  way  of  the  blood.  Extraction  and  injection  of  various 
parts  of  the  body  showed  that  the  eyestalks  were  found  to  contain  a  potent 
factor  for  concentrating  the  predominant  red  pigment  and  dispersing  the 
white^^^  in  Palaemonetes  and  hence  for  blanching  the  animal.  Removal  of 
the  eyestalks  results  in  a  permanently  darkened  condition  of  the  animal. 
These  results  obtained  by  Perkins  were  quickly  confirmed  in  their  general 
principles  by  Koller,^^  working  with  Crago,  Leander,  and  Processa.  The  hor- 
monal substance  involved  was  shown  by  reciprocal  injection  experiments  to 
be  neither  species-specific  nor  genus-specific.  Since  these  pioneering  efforts, 
numerous  investigators  have  shown  that  either  the  eyestalks  or,  in  a  few  spe- 
cies, the  anterior  thoracic  region  contains  the  source  of  a  material  influencing 
the  state  of  the  chromatophores. 

Decapod  crustaceans  which  have  been  investigated  extensively  with  re- 
spect to  their  eyestalk  hormonal  activities  in  color  changes  appear  to  fall  rath- 
er naturally  into  three  groups  with  respect  to  roles  of  the  stalks  in  their 
chromatics  (Fig.  262).  Group  I  contains  such  genera  as  Palaemonetes,  Pe- 
naeus,  Hiffolyte,  Leander,  and  Camharus.  Their  chromatophore  systems 
usually  contain  red,  yellow,  blue,  and  white  pigments.  Group  II  includes 
only  the  genus  Crago,  which  has  a  complex  pigmentary  system  with  no  less 
than  eight  diff^erently  responding  chromatophore  types,  enabling  the  shrimp 
to  show  not  only  general  shade  and  tint  changes,  but  also  a  certain  degree 
of  change  in  color-pattern.  The  chromatophores  contain  black,  brown,  red, 
yellow,  and  white  pigments.  Group  III  includes  all  those  true  crabs  (brachy- 
urans)  which  have  been  investigated.  The  best  known  of  these  is  the  fiddler 
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crab,   Uca,  which  commonly  contains  black,   red,   yellow,   and  white   pig- 
ments in  the  chromatophore  system. 

After  removal  of  the  eyestalks  from  a  member  of  any  one  of  the  three 
groups,  the  characteristic  type  of  response  for  that  particular  group  is  ob- 
served. In  Group  I  the  animals  darken  rapidly  through  complete  dispersion 
of  their  red  and  yellow  pigment  and  become  quite  dark  (although  never  as 
dark  as  in  normal  response  to  a  black  background)  in  an  hour  or  two.  They 
remain  in  this  condition  indefinitely.  The  white  pigment  undergoes  a  transi- 
tory concentration  and  thereafter  exhibits  a  variable  state.  Crago,  of  Group 
II,  most  commonly  shows  a  more  complex  change  after  eyestalk  removal. 
First  there  is  a  transitory  darkening  of  the  telson  and  uropods  and  a  blanch- 
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Fig.  262.  Schematic  representation  of  the  coloration  of  eyestalkless  crustaceans  and 
state  of  the  dominant  chromatophores  for  each  of  the  three  differently  responding  groups, 
and  of  the  responses  of  these  to  injection  of  eyestalk  or  sinus  gland  extract.  Solid  arrows 
indicate  extract  of  total  water-soluble  material,  dashed  arrows  indicate  an  alcohol-insoluble 
fraction,  and  dotted  arrows  indicate  an  alcohol-soluble  fraction.   From  Brown,  1948. 


ing  of  the  remainder  of  the  body,  which  lasts  from  one  half  to  one  hour.  This 
is  followed  by  a  complete  blanching  of  the  telson  and  uropods  and  darken- 
ing of  the  body  to  an  intermediate  and  mottled  coloration.  The  white  pig- 
ment on  the  body  initially  concentrates  but  then  assumes  an  intermediate 
condition.  The  crab,  Uca,  of  Group  III,  blanches  rather  quickly  after  re- 
moval of  its  eyestalks,  its  black  chromatophores  becoming  for  the  most  part 
punctate,  and  its  white  ones  commonly  broadly  reticulate.  This  condition  is 
maintained  without  significant  change  indefinitely.  Thus,  we  see  eyestalk 
removal  from  various  crustaceans  resulting  in  three  types  of  conditions:  body- 
darkening,  adoption  of  an  intermediate  coloration,  and  body-blanching.  In  all 
three,  the  animals  lost  practically  all  of  their  responses  to  changes  in  color  of 
background  or  illumination. 

Injection  of  eyestalk-extract  into  Group  I  animals  results  in  a  rapid 
blanching,  including  dispersal  of  white  pigment.  In  Group  II  there  is  com- 
plete blanching  of  both  the  body  and  telson  and  uropods,  and  also  a  disper- 
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sion  of  white  pigment.  In  Group  III,  on  the  other  hand,  there  is  a  blacken- 
ing of  the  whole  bodv,  although  the  white  pigment  remains  broadly  dis- 
persed. These  strikingly  different  results  obser\ed  for  the  animals  of  Groups 
I,  II,  and  III  are  explained  in  terms  of  differences  in  the  responses  of  the 
chromatophore  systems  to  the  eyestalk  material,  since  reciprocal  injections 
demonstrate  that  extracts  of  eyestalks  from  specimens  of  other  groups  pro- 
duce in  the  specimen  of  any  given  group  a  response  qualitatively  the  same 
as  that  produced  by  the  specimen's  own  eyestalks.  For  example,  eyestalk  ex- 
tracts prepared  from  animals  of  Group  III  lighten  the  body  of  animals  of 


Fig.  263.  The  sinus  gland  of  Cambarus  and  its  innervation.  A,  Without,  and  B,  with 
sheath  of  optic  gangHa  removed.  Sg,  sinus  gland;  N,  Sheath;  SE,  brain;  CE,  connectives; 
OP,  optic  nerve;  XO,  X-organ;  OCi  and  0C>,  oculomotor  nerves;  Fi  fiber  tract  from  brain; 
Fi,  fiber  tract  from  medulla  terminalis;  L,  Lamina  ganglionaris;  ME,  medulla  externa;  Ml, 
medulla  interna;  MT,  medulla  terminalis;  AB,  AD,  AT,  RL,  and  RM,  eye  muscles.  From 
Welsh,  J.  Exp.  Zool.,  86:35-49  (1941). 

Group  I  from  which  the  eyestalks  have  been  removed,  and,  conversely,  eye- 
stalk extracts  prepared  from  animals  of  Group  I  darken  eyestalkless  speci- 
mens of  Group  III. 

The  source  of  the  chromatophorotropins  from  the  eyestalk  is  the  sinus 
gland   (Fig.   263).   This  was  postulated   and  strongly   supported   by   Han- 
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strom.*'^'  *'■'  This  gland  had  been  described  earHer,"''-  ^^'  and  at  that  time 
was  called  the  "blood  gland."  since  it  was  then  believed  to  be  homologous 
with  a  blood  forming  gland  in  the  eyestalks  of  Crago,  which  Koller""  had 
erroneously  considered  to  be  the  source  of  the  active  principle.  It  was  later 
concluded  that  the  glandular  source  of  the  active  material  could  not  pos- 
sibly be  the  "blood  gland,"  and  it  was  renamed  the  sinus  gland.  This  gland 
has  been  found  to  exist  in  practically  all  of  numerous  malacostracan  crusta- 
ceans in  which  it  has  been  sought,  hence  it  is  evidently  of  very  general  oc- 
currence. Hanstrom,  using  eyestalkless  specimens  of  Uca,  Palaevwnetes,  or 
Penaens  as  animals  for  bioassay  in  his  numerous  experiments,  found  that 
eyestalks  of  animals  whose  sinus  glands  were  located  in  the  head  near  the 
brain  CGehia  and  Hi^ipa  [Emerita]')  showed  no  chromatophorotropic  activity. 
When  the  eyestalks  of  other  species  were  sectioned  in  various  ways,  the  sec- 
tions possessing  the  sinus  gland  always  showed  activity,  other  parts  were  al- 
ways inactive.  By  utilizing  the  species  differences  in  the  anatomical  arrange- 
ment of  eyestalk  organs,  Hanstrom  was  able  to  get,  one  by  one,  all  the  re- 
maining organs  of  the  evestalk  into  portions  of  the  stalk  showing  inactivity. 
Furthermore,  no  other  structure  in  the  stalk  gave  histological  evidence  of 
having  secretory  activity  except  a  glandular  organ  called  the  X-organ.  Sec- 
tions containing  the  X-organ,  but  not  the  sinus  gland,  were  inactive;  and 
removal  of  the  X-organ  from  eyestalks  did  not  diminish  their  chromatophoro- 
tropic activity.  It  was  thus  concluded  that  the  sinus  gland  was  the  only  eye- 
stalk  source  of  hormones  influencing  the  red  or  black  pigments  in  the  test 
animals  employed. 

Hanstrom's  conclusions  were  confirmed  by  Brown, ^^  who  found  that  the 
sinus  glands  could  be  removed  and  extracted  by  themselves,  and  that  such 
extracts  possessed  qualitatively  and  quantitatively,  within  experimental  er- 
ror, all  the  activity  of  total  stalks,  despite  the  fact  that  their  volume  was 
only  about  1  per  cent  of  that  of  the  stalk  tissue  (Fig.  264).  Such  extracts 
elicited  about  80  per  cent  of  the  activity  of  whole  stalks  for  both  Palae- 
monetes  red  and  Uca  black  chromatophores.  Thus,  for  these  two  widely  dif- 
ferent chromatophore  types,  the  sinus  glands  are  the  sole  eyestalk  source  of 
hormonal  material.  Furthermore,  implantation  of  a  sinus  gland  into  the  ven- 
tral abdominal  sinus  results  in  a  blanching  of  the  animal  which  lasts  about 
100  times  as  long  as  the  effects  of  an  injection  of  extract  that  is  the  equival- 
ent of  approximately  one  gland.  It  has  also  been  possible  to  remove  the  sinus 
glands  from  the  evestalks  of  Palaemonetes  without  substantial  damage  to 
other  parts  of  the  eyestalk."'"  Specimens  after  such  removal  show  broad  dis- 
persion of  their  red  pigment  irrespective  of  background  color,  and  extracts 
later  prepared  from  their  eyestalks  show  no  appreciable  chromatophorotropic 

activity. 

The  sinus  glands  of  the  eyestalks  provide  more  than  one  chromatophoro- 
tropin.  This  has  been  demonstrated  by  means  of  a  comparative  study  of  the 
relative  influences  of  extracts  of  the  eyestalks  of  seven  genera  of  crustaceans 
in  concentrating  Palaemonetes  red  pigment  and  dispersing  Uco  black  pig- 
ment.-^^  The  ratio  of  the  effect  on  the  two  chromatophore  types,  influence  on 
Uca  Black  to  influence  on  Palaemonetes  Red,  was  called  the  U/P  ratio.  The 
U/P  ratios  obtained  for  eyestalks  or  sinus  glands  from  different  sources  va- 
ried from  one  genus  to  another.  For  example,  Crago  sinus  glands  showed  a 
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relatively  high  value,  whereas  those  of  Palaemonetes  showed  a  relatively  low 
value.  Uca  yielded  an  intermediate  value.  The  order  for  the  seven  species 
investioated  showed  no  correlation  with  either  the  sizes  of  the  animals  or 
the  relative  potencies  as  assayed  on  Uca.  The  hypothesis  proposed  to  explain 
these  data,  namely,  that  sinus  glands  differed  from  one  another  in  the  pro- 
portions of  two  'principles,  (1)  a  factor  predominantly  darkening  Uca 
(UDH),  and  (2)  a  factor  predominantly  lightening  Palaemonetes  (PLH), 
was  oiven  strong  support  by  the  discovery  that  the  sinus  glands  of  each  spe- 
cies yielded  two  active  fractions,  one  alcohol-soluble  and  the  other  alcohol- 
insoluble.  The  former  gave  a  very  low  U/P  ratio,  as  if  possessing  a  larger 
proportion  of  PLH,  and  the  latter  gave  a  high  U/P  ratio,  suggesting  a 
larger  proportion  of  UDH.  It  was  possible  to  restore  the  initial  U/P  ratio  for 
the  gland  of  a  species  simply  by  recombining  the  two  fractions.  These  re- 
sults lead  to  only  one  possible  conclusion,  namely,  that  the  eyestalks  of  all 
seven  species  investigated,  representing  examples  of  Groups  I.  II.  and  III, 
possess  two  chromatophorotropins  in  differing  proportions. 


TIME    IN    HOURS 
Fig.  264.  Change  in  the  average  state  of  black  pigment  dispersion  in  eyestalkless  Uca 
(A)  and  red  pigment  concentration  in  eyestalkless  Palaemonetes  (B),  after  injection  of 
equal  doses  of  extracts  of  whole  eyestalks  (broken  line)  and  extracts  of  sinus  gland  (solid 
line)  in  equal  numbers  per  unit  volume  of  extracting  medium.    From  Brown.^ 

The  sinus  glands  of  the  crustaceans  of  Group  III  so  far  examined  lack 
one  principle  present  in  the  glands  of  species  of  Groups  I  and  II.  This  has 
been  established  through  the  discovery  that,  whereas  extracts  of  the  eye- 
stalks or  sinus  glands  of  species  of  Group  I  or  II  will  lighten  the  telson  and 
uropods  of  Crago  within  three  or  four  minutes  after  injection,  sinus  glands 
of  species  of  group  III  fail  to  do  so.^^'  ^^  This  is  so  despite  the  fact  that 
Group  III  eyestalks  are  apparently  as  effective  in  lightening  the  bodies  of 
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Crago  as  are  eyestalks  from  other  groups.  This  principle  which  is  present 
in  Groups  I  and  II,  but  absent  in  Group  III,  has  been  called  Crflgo-"tair'- 
lightening  hormone  (CTLH).  The  information  at  hand,  although  indicat- 
ing the  presence  of  three  chromatophorotropins  in  crustacean  sinus  glands, 
does  not  permit  us  to  decide  between  two  possibilities:  (1)  species  in  Groups 
I  and  II  possess  three  principles  and  those  of  Group  III  possess  two  prin- 
ciples, and  (2)  all  possess  only  two  principles,  with  one  of  the  two  differ- 
ing in  physiological  properties  between  Groups  I  and  II,  and  Group  III. 

The  sinus  glands  of  the  eyestalks  are  not  the  sole  sites  of  production  of 
chromatophorotropins  in  crustaceans.  It  is  well  known  that  undisturbed 
eyestalkless  specimens  of  Crago  not  uncommonly  exhibit  random  color 
changes.  Since  Roller's  original  work,  it  has  been  found  by  a  number  of  in- 
vestigators that  eyestalkless  crustaceans  may  be  induced  to  undergo  char- 
acteristic color  changes  through  the  action  of  blood-borne  factors  by  stimu- 
lation with  electrical  or  other  means  of  the  cut  ends  of  their  optic  nerves. 
Crustaceans  of  Group  I  are  induced  to  blanch,  but  whereas  blanching  under 
the  influence  of  sinus  gland  principles  includes  white-pigment  dispersion, 
by  this  means  the  white  concentrates.  Members  of  Group  III  darken,  but 
here,  too,  the  white  concentrates  as  the  black  disperses,  unlike  under  sinus 
gland  influence.  The  responses  of  Crago  of  Group  II  are  more  obviously 
complex,  and  its  reactions  to  electrical  stimulation  of  its  optic  nerve  stubs 
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Fig.  265.  Schematic  representation  of  the  coloration  of  eyestalkless  crustaceans  and 
state  of  their  dominant  chromatophores  for  each  of  the  three  differently  responding 
groups,  and  of  the  responses  of  these  to  injection  of  extracts  of  the  nervous  system.  Solid 
arrows  indicate  extract  of  total  water-soluble  material,  dashed  arrows  indicate  an  alcohol- 
insoluble  fraction,  and  dotted  arrows  indicate  an  alcohol-soluble  fraction.  From  Brown, 
1948. 

provided  a  clue  to  much  of  our  knowledge  of  the  chromatophorotropins  in- 
volved in  these  reactions.  If  stimulation  is  mild,  the  whole  animal  blackens; 
if  stimulation  is  intense,  only  the  telson  and  uropods  darken,  the  remainder 
of  the  body  blanching.^'^  It  is  thus  evident  that  some  of  the  chromatophoro- 
tropins arising  outside  of  the  eystalks  obviously  antagonize  the  activity  of 
sinus  gland  factors  and  others,  at  least  in  part,  supplement  them. 
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The  sources  of  the  chromatophorotropins  involved  in  these  reactions  of 
animals  lacking  the  sinus  glands  are  within  more  or  less  restricted  regions 
of  the  central  nervous  system  and  its  sheaths  (Fig.  265).  Extracts  of  central 
nervous  systems  of  certain  species  of  Group  I,  on  injection,  lighten  eyestalk- 
less  specimens  and  concentrate  white  pigment.-^'  ^°  Similarly  extracts  of  the 
central  nervous  system  of  Uca,  of  Group  III,  darken  eyestalkless  specimens  of 
IJca  and  simultaneously  concentrate  white  pigment.  Extracts  of  the  ner- 
vous svstem  of  Crago,  of  Group  II,  lighten  the  body  and  darken  the  telson 
and  uropods  while  concentrating  white  pigment.  Therefore,  in  all  three 
groups,  injection  of  extracts  of  central  nervous  system  organs  produces  the 
same  major  results  as  strong  stimulation  of  the  eyestalks.  No  source  of 
chromatophorotropins  needs  to  be  sought  outside  of  the  central  nervous 
system. 

A  careful  survey  of  the  central  nervous  system  of  Crago  shows  by  far  the 
major  portion  of  the  telson-darkening  and  uropod-darkening  action,  as  well 
as  body  lightening,  resides  in  the  minute  tritocerebral  commissure  of  the 
head  region  (Fig.  266).  The  remainder  of  the  central  nervous  system,  how- 
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Fig.  266.  Diagram  of  the  anterior  region  of  the  crustacean  central  nervous  system  showing 
the  position  of  the  tritocerebral  commissure.    From  Brown,  1948. 

ever,  possesses  significant  body-lightening  activity.-'*  This  latter  fact,  together 
with  the  discovery  that  an  alcohol-soluble  fraction  of  the  tritocerebral  com- 
missures possesses  very  strong  body-lightenmg  and  no  "tail"-darkening  activ- 
ity, while  the  alcohol-insoluble  fraction  causes  strong  "tail"-darkening  and 
simultaneously  strong  body-darkening,-'^^  establishes  the  presence  of  two 
chromatophorotropins  in  Crago  nervous  systems  (Fig.  267).  One  lightens 
the  body  but  not  the  "tail"  of  Crago,  and  hence  has  been  called  Crngo-body- 
lightening  hormone  (CBLH);  the  other,  in  the  presence  of  CBLH,  darkens 
only  the  "tail,"  but  in  the  absence  of  CBLH  darkens  the  whole  body  and 
is  hence  called  Crago-darkening  hormone  (CDH).  We  can  now  see  the 
probable  cause  of  the  striking  difference  between  strong  and  weak  stimula- 
tion of  the  eyestubs  in  this  species.  Strong  stimulation  appears  to  induce  the 
liberation  of  both  principles,  whereas  weak  stimulation  liberates  almost  ex- 
clusively CDH. 
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The  sheath  of  the  tritocerebral  commissure  of  Crago  possesses  in  its  mid- 
region  greatly  distended  cells  whose  cytoplasm  is  richlv  charged  with  gran- 
ules that  are  probably  secretory.  It  is  beliex'ed  that  these  large  cells  are  the 
source  of  both  hormones. 

A  survey  of  the  influence  on  Crago  of  extracts  of  the  nervous  systems  of 
various  species  of  Group  I  led  to  the  conclusion  that  all  possess  both  CDH 
and  CBLH,  although  in  none  of  these  other  species  is  it  as  localized  as  in 
Crago^'^-  It  is  usually  widely  distributed  along  the  nervous  system  (Pal- 
aemonetes,  Camharus,  Homariis^  or  restricted  to  regions  other  than  the  tri- 
tocerebral commissures  (e.g.,  to  the  posterior  portion  of  the  thoracic  cord  in 
Pagunis  and  other  Anomurans).  In  some  nervous  systems  and  more  espe- 
cially in  some  portions  of  the  nervous  systems  the  ratio  of  CDH  activity  to 
CBLH  activity  is  so  large  that  the  extracts  blacken  eyestalkless  Crago  at 
least  as  effectively  as  the  alcohol-insoluble  fraction  of  the  Crago  tritocerebral 
commissures  (e.g.,  lobster  or  crayfish  abdominal  cords).  The  high  CDH 
activity  of  lobster  abdominal  cords  can  be  shown  to  reside  predominantly  in 
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Fig.,  267.  Appearance  of  three  Crago,  closely  matched  in  coloration  initially,  in  re- 
sponse to  injection  of  various  solutions:  A,  Sea-water  (control,  exhibiting  no  change); 
B,  an  alcohol-insoluble  fraction  of  the  commissures;  C,  total  water-soluble  fraction  of 
tritocerebral  commissures.  From  Brown  and  Klotz.^^ 

the  sheath  rather  than  in  ganglionic  neurosecretory  cells.  In  contrast  to  crus- 
taceans of  Group  I,  those  of  Group  III  possess  no  CDH  anywhere  within 
their  central  nervous  systems  or,  for  that  matter,  anywhere  in  their  bodies 
(Fig.  263).  CBLH  is  present  in  the  nervous  systems  of  all  crustaceans  ex- 
amined. 

It  has  been  established  that  Uca  of  Group  III,  though  possessing  no 
CDH,  does  actually  possess  at  least  two  chromatophorotropins  in  its  nervous 
system. ^•'''""  This  evidence  comes  from  comparison  of  the  relative  influ- 
ences of  extracts  of  the  brain,  circumesophageal  connectives,  and  thoracic 
c    d  on  eyestalkless    Uca.    Extracts  of  the  brain   and   thoracic   cord   show 
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strong  activity  in  black-pigment  dispersal  and  simultaneously  leave  white 
pigment  dispersed  or  induce  its  dispersal.  Extracts  of  connectives,  on  the 
other  hand,  produce  only  a  weak  black-dispersing  action  but  cause  concen- 


Fig.  268.  A,  Relationship  between  time  and  melanophore  state  in  Ligia  after  transfer 
from  a  black  to  a  white  background  and  vice  versa.  B,  Changes  in  melanophore  state  after 
transfer  from  darkness  to  black  and  white  backgrounds,  and  vice  versa.  C,  Relationship 
between  portion  of  Ligia  eye  stimulated  and  the  average  melanophore  state.  The  illum- 
inated portion  of  the  eye  is  black.  From  Smith."' 

tration  of  the  white  pigment.  The  differing  results  cannot  be  duplicated 
simply  by  varying  the  concentrations  of  nervous  system  extract.  Although 
these  observations  establish  the  presence  of  two  chromatophorotropins,  they 
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do  not  permit  one  to  decide  between  two  possibilities:  (1)  all  portions  have 
a  black-dispersing  and  a  white-concentrating  action,  with  the  brain  and  thor- 
acic cord  having  in  addition  an  antagonistic  white-dispersing  agent;  and  (2) 
all  portions  have  a  white-dispersing  and  a  black-dispersing  action,  but  the 
connectives  alone  contain  a  white-concentrating  principle. 

Numerous  reciprocal-injection  experiments  among  Crago,  Uca,  and  Pal- 
aemonetes,  in  which  the  comparative  distributions  of  Crago-darkening, 
Crflgo-body-lightening,  Uca  black-dispersing,  and  Uca  white-concentrating 
activities  within  the  various  nervous  systems  are  compared,  show  rather 
clearly  that  CDH  and  LIDH  cannot  be  the  same,  nor  like  CBLH  or  UWCH. 
However,  there  is  still  a  possibility  that  CBLH  and  UWCH  are  identical 
since  there  is  a  qualitative  parallel  in  their  distributions  within  the  three 
nervous  systems  studied.  Certain  quantitative  differences  of  activity,  how- 
ever, cast  doubt  on  this  identity. 

In  summary,  decapod  crustacean  nervous  systems  possess  at  least  three 
or  four  chromatophorotropins.  Their  roles  in  the  total  chromatic  responses 
of  the  whole  organism  have  not  been  worked  out  for  any  one  species.  It 
seems  likely,  however,  that  the  nervous-system  chromatophorotropins,  togeth- 
er with  those  from  the  sinus  glands,  will  be  shown  to  go  far  toward  account- 
ing for  the  intricate  control  of  the  crustacean  pigmentary  systems. 

A  study  of  the  time  relations  of  melanophore  changes  in  the  isopod,  Ligia 
oceanica,  has  led  Smith^^'^  to  postulate  a  dual  endocrine  control  of  these 
pigment  cells,  operation  of  both  a  darkening  B-substance  and  a  lightening 
W-substance.  Two  antagonistic  substances  were  postulated,  since  if  only 
a  W-substance  were  present  then  the  time  of  white  to  black  change,  wTb, 
should  be  greater  than  white  to  darkness  change,  wTd,  or  darkness  to  black 
change  dTb,  which  was  not  found  to  be  true.  On  the  other  hand  if  only  a 
W-substance  were  present,  then  bTw  should  be  greater  than  bTd  or  dTw, 
which  is  not  the  case.  The  data  seemed  reasonably  explained  in  terms  of 
two  factors  with  the  B-substance  more  slowly  eliminated  from  the  blood 
than  the  W-substance.  This  would  account  for  the  long  bTd  and  the  super- 
normal phase  of  the  wTd  (Fig.  268).  On  the  basis  of  experiments  in  which 
different  portions  of  the  eye  were  opaqued,  or  differentially  stimulated  by 
careful  adjustment  of  the  background,  support  was  given  for  the  view  that 
stimulation  of  dorsal  elements  of  the  retina  results  in  production  of  B-sub- 
stance, and  stimulation  of  the  lateroventral  portions  in  production  of  W- 
substance. 

Vertebrates.  All  the  vertebrates  possessing  chromatophores  show,  in  gen- 
eral, a  fundamental  similarity  in  their  functional  organization  of  this  sys- 
tem. It  seems  profitable  to  develop  the  evolutionary  trends  separately  within 
each  of  the  major  divisions  of  the  vertebrates  in  which  functional  chroma- 
tophores are  found. 

Amphibians.  The  amphibians  may  show  in  their  early  development  a 
period  in  which  only  primary  color  responses  occur,  the  animals  darkening 
in  light  and  becoming  pale  in  darkness.  This  was  originally  described  for 
very  young  Axolotl  by  Babak"  and  has  since  been  observed  in  very  young 
Rana  pipiens''^  and  Amhlystoma.^^^  These  changes  do  not  involve  the  eyes. 
It  has  been  suggested  that  this  is  a  period  during  which  the  eyes  are  still 
non-functional. ^^^  Other  amphibians  appear  to  show  the  secondary  types  of 
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response  involving  stimulation  through  the  eye,  immediately  on  hatching. 
Such  species  are  Bonihinator  and  Hyla,^^  and  Xenopus.^-'^  In  the  secondary 
phase  primary  responses  are  still  operating  but  are  dominated  by  the  second- 
ary ones. 

Investigation  of  the  physiology  of  color  changes  in  amphibians  has  pro- 
vided no  evidence  of  any  direct  nervous  control  of  the  integumentary  melan- 
ophores.  The  striking  discovery  was  made  very  early  that  hypophysectom- 
ized  tadpoles  remain  pale  indefinitely."^  This  strongly  suggested  that  the 
pituitary  might  be  the  normal  source  of  a  melanin-dispersing  hormone  in 
amphibians.  The  relation  of  the  hypophysis  to  color  changes  in  Rana  was 
carefully  investigated  by  Hogben  and  Winton.'^"-  '^'^'  '^^  Upon  hypophysectomy 
the  animals  were  rendered  both  pale  and  refractory  to  further  color  changes. 
Removal  of  the  anterior  lobe  by  itself,  however,  showed  no  significant  inter- 
ference with  the  background  responses.  Extracts  of  the  posterior  lobe  showed 
a  tremendous  capacity  to  darken  pale  frogs.  All  attempts  to  produce  specific 
chromatophore  responses  through  nerve  stimulation  or  nerve  transection 
failed.  Therefore,  these  workers  concluded  that  the  color  changes  in  Rana 
could  be  readily  accounted  for  in  terms  of  the  activity  of  a  single  hormone 
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Fig.  269.  Changes  in  melanophore  state  in  Xenopus  after  transfer  from  white  to  black 
backgrounds  and  vice  versa,  and  from  black  background  to  darkness.  From  Hogben  and 
Slome.'" 


arising  in  the  posterior  lobe  of  the  pituitary,  whose  concentration  in  the 
blood  was  controlled  by  environmental  stimuli  operating  through  the  eyes. 
This  conclusion  has  been  confirmed  through  transfusion  of  blood  from  a 
dark  to  a  light  Rawa.^"*'* 

More  recently  much  work  has  been  done  on  Xenopus,"^ ^'"^^^  in  which  di- 
rect innervation  of  the  melanophores  seems  also  to  be  lacking.  It,  too,  lightens 
after  hypophysectomy  and  darkens  on  injection  of  extracts  of  posterior  lobe 
of  the  pituitary.  A  critical  and  detailed  examination  of  the  characteristics 
of  change  of  the  melanophores  of  Xenopus  after  transfer  from  a  white  to  a 
black  background  and  the  reverse,  from  black  to  darkness  and  reverse,  and 
from  white  to  darkness  and  reverse  (Fig.  269)  fails  to  reveal  an  adequate 
explanation  in  terms  of  a  single  principle  and  leads  to  the  postulation  that 
the  hypophysis  produces  two  principles,  one  with  melanin-dispersing  action, 
referred  to  as  the  B-substance  (probably  intermedin),  and  the  other  with 
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melanin-concentrating  action,  called  the  W-substance.  All  the  data  obtained 
appeared  readily  interpretable  in  terms  of  an  excitation  of  secretion  of  the 
W-substance  by  stimulation  of  peripheral  retinal  elements  and  excitation  of 
secretion  of  the  B-substance  by  stimulation  of  basal  retinal  elements  (Fig- 
270).  Furthermore,  the  data  require  the  additional  assumption  that  the  W- 
substance  is  added  to  the  blood  more  slowly  than  the  B-substance  and  also 
disappears  from  the  blood  more  slowly.  The  B-substance  and  the  W-sub- 
stance are  antagonistic.  Thus,  according  to  this  hypothesis,  in  an  illuminated 
environment  B-substance  is  always  secreted,  but  its  secretion  is  reduced 
in  low  illumination  and  in  darkness.  The  responses  to  black  and  white  illum- 
inated backgrounds  involve  changes  in  the  amount  of  the  W-substance  and 
consequently  changes  in  the  B/W  ratio.  The  very  slow  responses  observed 
in  the  change  from  an  illuminated  white  background  to  darkness  and  the 
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Fig.  270.  Schematic  representation  of  two  hypotheses  of  hormonal  control  of  melano- 
phores  in  Xenopus,  one  involving  a  single  hormone,  and  the  pther,  two.    From  Hogben 
and  Slome.'"" 

reverse  appears  explainable  in  terms  of  concomitant  decreases  or  increases, 
respectively,  of  the  two  antagonistic  substances.  In  the  change  from  darkness 
to  an  illuminated  black  background  the  melanophores  pass  through  a  super- 
normal phase  (more  dispersed  than  typical  for  the  background),  a  fact  ex- 
plainable in  terms  of  a  more  rapid  secretion  of  B-substance  than  of  W-sub- 
stance. As  the  latter  increases  to  its  full  quantity,  the  melanin  reaches  its 
slightly  less  dispersed  final  state.  Similarly,  in  passing  from  an  illuminated 
black  background  to  darkness  the  melanophore  passes  through  a  transitory 
stage  of  greater  concentration  than  the  ultimate  state,  apparently  due  to  a 
more  rapid  reduction  in  B-substance  than  in  W-substance. 

The  only  direct  e\'idence  for  the  existence  of  the  W-substance  in  Xenofus 
has  come  from  obser\'ations  on  the  responses  of  the  animals  to  environmental 
stimuli  after  various  types  of  operative  procedures.^*^  When  the  anterior  lobe 
of  the  hypophysis  is  removed  the  animal  responds  quite  as  it  does  normally. 
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When  the  anterior  lobe  and  the  pars  tuberaHs  are  extirpated,  the  melano- 
phores  become  maximally  dispersed  and  show  no  background  response.  When 
the  posterior  lobe  is  removed,  the  animals  are  maximally  pale.  The  source 
of  the  darkening  hormone  appears  definitely  to  reside  in  the  intermediate 
lobe.^'  1^-  Removal  of  the  whole  gland  leaves  the  pigment  slightly  dispersed 
and  non-responsive.  All  these  facts  fit  the  hypothesis  of  the  existence  of  two 
factors,  with  the  pars  tuberalis  responsible  for  the  W-substance  and  the  pos- 
terior or  the  intermediate  lobe  for  the  B-substance. 

Support  for  the  presence  of  two  factors  also  comes  from  the  relative  ef- 
fects of  injection  of  B-substance  into  completely  hypophysectomized  Xeno- 
fus"'^  as  compared  with  its  effects  in  normal  animals  or  animals  with  only 
the  posterior  lobes  removed  (Fig.  271).  As  would  be  expected,  a  larger  dose 
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Fig.  271.  Responses  of  the  melanophores  of  Xenopus  on  a  white  background  to  in- 
jections of  equivalent  doses  of  pituitary  extracts  into  totally  hypophysectomized  specimens, 
specimens  with  only  posterior  lobe  removed,  and  normal  specimens.  From  Hogben  and 
Slome.'^ 


is  required  in  the  last  two  types  of  recipients  to  bring  about  a  given  re- 
sponse, while  in  those  with  complete  hypophysectomy  a  much  smaller  dose 
has  an  equivalent  action.  This  latter  observation  finds  a  most  logical  explana- 
tion in  terms  of  the  resulting  absence  of  an  antagonist  secreted  by  the  pars 
tuberalis. 

Fishes.  The  fishes,  which  have  probably  been  more  intensively  investi- 
gated than  any  other  group,  with  respect  to  their  chromatophore  system 
and  color  changes,  have  several  types  of  chromatophores.  The  most  common 
and  conspicuous  type  is  the  melanophore.  Other  common  types  contain  yel- 
low pigment  (xanthophores),  red  pigment  (erythrophores),  and  white  pig- 
ment (leucophores).  In  addition,  many  fishes  possess  chromatophores  con- 
taining small  clusters  of  glistening  plate-like  crystals  that  impart  a  bluish 
green  coloration  (iridosomes). 

The  activities  of  the  melanophores  are  the  principal  ones  involved  in  the 
conspicuous  responses  to  light  and  darkness  and  to  black  and  white  back- 
grounds in  fishes.  The  mechanism  of  response  in  fishes,  as  with  amphibians, 
commonly  shows  a  change  from  primary  color  responses  to  secondary  during 
their  early  development.  Young  Perca  and  Salmo,^^-  ^^^  Macroyodus,^^-  and 
Hoplias^^^  show  such  a  transition  in  response  mechanism.  On  the  other 
hand,  a  number  of  other  species  appear  not  to  pass  through  a  phase  of  pri- 
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mary  responses  but  to  have  initially  the  secondary  phase.  Species  of  the 
latter  type  include  Fiindulus,^^-  -^^  Lehistes,  Xipho-phoriis,  Gamhusia,^^^ 
Scyllium,^'-^'^  and  Mustelus.^-^  A  number  of  fishes  normally  showing  second- 
ary color  responses  will  revert  to  primary  responses  after  blinding. ^'^- 

The  secondary  color  responses  of  fishes  are  dependent  typically  upon  the 
eyes.  They  involve  nervous  pathways  to  the  central  nervous  system,  thence 
either  to  endocrine  glands  affecting  the  chromatophores  through  blood-borne 
hormones,  or  by  way  of  efferent  nervous  pathways  directly  to  the  chromato- 
phores where  chemical  mediators  are  liberated  by  the  nerve  terminations. 
Both  hormonal  and  nervous  mechanisms  may  cooperate  in  many  cases.  There 
is  considerable  variation  among  fishes  as  to  the  normal  mechanism  of  con- 
trol. Parker,^'^*^  the  leading  investigator  in  the  field  of  animal  color  changes, 
divides  the  fishes  into  three  groups  on  the  basis  of  the  degree  to  which  di- 
rect innervation  of  the  melanophores  is  found.  Dineuronic  chromatophores 
possess  double  innervation  with  separate  dispersing  and  concentrating  fibers. 
Mononeuronic  chromatophores  possess  single  innervation  in  which  the  ac- 
tivity is  always  pigment-concentrating.  Aneuronic  chromatophores  possess 
no  innervation,  their  responses  being  due  solely  to  activity  of  blood-  and 
lymph-borne  chemical  factors. 


Fig.  272.  A,  Dark  band  in  caudal  fin  of  white-adapted  Fundulus  produced  by  severance 
of  radial  nerves.  B,  Redarkening  of  a  faded  band  following  a  second,  more  distal  cut. 
From  Parker.^ 


The  great  majority  of  the  teleost  fishes  thus  far  carefully  investigated  ap- 
pear to  possess  dineuronic  melanophores.  One  type  of  innervating  nerve 
fiber,  a  pigment-concentrating  one,  is  readily  demonstrated  by  electrical 
stimulation  of  appropriate  loci  in  the  central  nervous  system,  of  central  nerve 
tracts,  or  of  peripheral  nerves.  The  extent  of  the  area  of  the  skin  blanching 
under  this  stimulation  parallels  the  area  of  the  skin  innervated  by  these 
nervous  elements.  Furthermore,  after  denervation  of  any  area  of  the  skin  the 
denervated  area  no  longer  exhibits  blanching  responses  to  stimulation  of  the 
nerves  central  to  the  point  of  denervation,  even  though  responses  may  con- 
tinue in  the  adjacent  areas.  Therefore  the  blanching  produced  by  nerve  stim- 
ulation in  the  animals  is  a  result  of  localized  responses  at  the  region  of  the 
ner\'e  terminations  and  is  not  due  to  freely  diffusible  substances  in  the 
blood.  The  action  of  the  concentrating  fibers  is  believed  by  Parker^^^  to  be 
mediated  through  adrenalin-like  material  which  is  liberated  by  the  nerve 
terminations  and  which  diffuses  through  the  tissues. 
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The  presence  of  a  second  set  of  fibers,  pigment-dispersing  ones,  has  been 
demonstrated  for  many  teleosts  through  experimentation  with  melanophores 
of  the  tail  fins.  If,  in  a  teleost  such  as  Fiindulus,  kept  on  an'  illuminated 
white  background,  a  group  of  the  radiating  caudal  nerx'es  is  cut  by  a  trans- 
verse incision,  the  band  of  fin  innervated  by  these  fibers  darkens  quickly 
and  then  over  the  course  of  a  few  days  fades  again^-^  (Fig.  272).  If  now 
a  second  cut  is  made  parallel  to  the  first  cut,  and  somewhat  distal  to  it,  the 
faded  band  will  repeat  the  transitory  darkening  behavior.  This  latter  be- 
havior leads  to  the  hypothesis  that  the  melanophore  response  observed  must 
be  due  to  a  restimulation  of  the  dispersing  nerve  fibers  that  had  been  tran^ 
sected  and  stimulated  by  the  first  incision.  It  cannot  be  explained  simply  in 
terms  of  a  transection  of  the  concentrating  fibers,  as  possibly  the  response  to 
the  first  cut  could  be.  Interpolation  of  a  cold-block  between  the  point  of  the 
nerve  transection  and  the  melanophores  abolishes  the  response.^^^  Such  re- 
darkening  of  faded  bands  after  a  second  incision  has  been  observed  by  a 
number  of  investigators  for  a  number  of  species  of  teleost  fishes.  These  in- 
clude Holocentrtis,^'^-  Parasiliiriis,^'^^  Pterophylhim,^'*'-^'  ^-'^  Ameiiinis,^'-^^'  and 
Gohiiis.''^  An  activation  of  melanin-dispersing  fibers  in  the  catfish  tail  has 
also  been  produced  by  electrical  stimulation.^^" 

Other  lines  of  evidence,  both  morphological  and  phvsiological,  have  given 
further  support  to  the  hypothesis  of  a  dual  innervation  of  teleost  melano- 
phores. Ballowitz^'^  many  years  ago  clearly  demonstrated  that  the  melano- 
phores of  the  perch  receive  nerve  terminations  from  more  than  one  fiber,  thus 
providing  an  anatomical  basis  for  the  conclusions  reached  by  more  recent 
physiological  experimentation.  Furthermore,  a  critical  examination  has  been 
made  of  the  responses  of  chromatophores  at  the  edges  of  denervated  caudal 
bands  of  Fimdulivs,^^^  and  of  those  near  the  regenerating  front  of  nerve 
fibers  in  the  course  of  re-innervation  of  denervated  bands,^  as  the  animals 
darken  on  black  backgrounds  and  lighten  on  white  ones.  These  observa- 
tions pro\'ide  strong  evidence  that  many  of  the  melanophores  located  in 
these  regenerating  fronts  possess  only  one  type  of  fiber,  either  concentrating 
or  dispersing,  but  not  both  as  under  normal  circumstances.  Some  of  these 
melanophores  show  rapid  pigment  concentration  and  very  slow  dispersion; 
others  show  the  reverse.  Studies  of  the  influence  of  drugs  on  chromato- 
phores of  Phoxinus^'^  and  Fundidus^"'^  also  support  the  concept  of  a  dual  in- 
nervation. 

It  now  appears  that  the  dispersing  fibers  exert  their  action  on  the  melano- 
phores through  the  mediation  of  acetvlcholine.  Acetylcholine  is  known  to 
cause  dispersion  of  the  melanin  of  fishes^"^'  when  the  latter  are  eserinized  to 
prevent  rapid  destruction  of  the  material.  In  fact,  a  bioassay  of  the  acetyl- 
choline content  of  the  skin  of  a  dark-adapted  catfish  Anieiuriis'^'^^  or  snake- 
fish  Ophiocephahis  showed  its  presence  in  a  concentration  of  about  0.078 
gamma  per  gram  of  skin.  This  is  approximatelv  the  concentration  of  acetyl- 
choline which,  when  injected  into  the  body  fluids  of  eserinized  fish,  was  in 
general  non-toxic  and  at  the  same  time  quite  effective  upon  melanophores. 

Of  the  fishes  thus  far  investigated  the  dogfish  Miistelus  and  Sqnahis  ap- 
pear to  possess  mononeuronic  melanophores.  If  a  transverse  cut  is  made  in 
the  pectoral  fin  of  a  dogfish  of  intermediate  tint  a  light  band  is  produced 
distal  to  the  point  of  the  cut.  Such  light  bands  may  be  revived  after  they 
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have  redarkened^'**^  or  may  be  produced  by  electrical  excitation^-^  of  the 
integumentary  ner\'es.  These  bands  follow  the  distribution  of  the  cut  nerves 
and  not  necessarily  of  the  blood  vessels.  Furthermore,  light  bands  may  be 
produced  by  a  similar  transverse  cut  in  a  fin  from  which  the  blood  supply 
has  been  cut  off.  All  these  facts  point  to  a  nerve  supply  to  the  melanophore 
whose  function  it  is  to  induce  pigment  concentration.  There  is  no  indication 
whatsoever  that  pigment-dispersing  nerve  fibers  are  present  in  this  animal. 

Parker'-^^  postulated  that  the  concentrating  fibers  influence  the  melano- 
phores  through  the  production  of  a  chemical  mediator  which  he  called  sela- 
chine.  If  skin  from  a  pale  animal  is  extracted  with  ether  or  olive  oil,  but 
not  water,  the  material  may  be  extracted.  Injections  of  an  olive-oil  extract 
of  this  substance  into  a  dark-adapted  animal  will  produce  temporary  light- 
ening, which  spreads  very  slowly  from  the  point  of  injection.  Olive  oil  by 
itself  produces  no  such  effect. 

The  other  elasmobranch  fishes  which  have  been  investigated,  the  skate, 
Raja,'^'^^'  the  dogfish,  Scyllium,-^~  and  the  lamprey,  Lampetra,-^'-^  show  no 
evidence  of  direct  innervation  of  their  melanophores,  and  hence  their  melano- 
phores  may  be  said  to  be  aneuronic. 

Blood-borne  agents  typically  supplement  the  nervous  system  in  the  sec- 
ondary responses  of  the  melanophores  of  fishes  to  light  stimuli.  In  the  more 
primitive  fishes,  such  as  the  cyclostomes  and  many  of  the  elasmobranchs 
which  possess  aneuronic  color  cells,  hormones  alone  are  the  agents  in\'olved. 
Among  these  hormones  an  important  substance  is  a  pigment-dispersing  prin- 
ciple from  the  pituitary,  the  B-substance  of  Hogben,  or  intermedin.-^"*  This 
substance  is  produced  by  the  posterior  lobe  of  the  pituitary.  Lundstrom  and 
gg^jios  observed  that  hypophysectomized  MiisteJus  become  and  remain 
pale.  The  fish  may  be  darkened  again  by  injection  of  extract  of  the  posterior 
lobe.  A  similar  role  of  the  posterior-lobe  principle  has  since  been  demon- 
strated for  other  elasmobranchs.  Raja  and  Scyllmm,''-  and  the  cyclostome 
Lavipetra.-'^'-^ 

There  is  some  evidence  that  in  Scyllmm  and  Raja  a  second  neurohumor 
from  the  pituitary  acts  as  a  pigment-concentrating  agent.^-  Evidence  for  a 
role  of  such  a  body-blanching  principle  has  been  derived  frorn  studies  of 
the  characteristics  of  the  melanophore  responses  to  background  and  light- 
intensity  changes  and  to  the  influence  of  hypophysectomy  on  the  state  of 
the  pigments,  and  of  pigmentary  responses  to  injections  of  posterior-lobe  ex- 
tract. The  general  methods  of  experimentation  and  logic  involved  in  these 
experiments  are  the  same  as  those  developed  in  the  studies  of  amphibian 
melanophore  control.  According  to  the  bihumoral  concept  of  Hogben  and 
his  associates  the  state  of  the  melanophores  in  these  fishes  is  determined  by 
the  ratio  of  B-substance  to  W-substance  present  in  the  blood  at  any  given 
instant,  and  this  ratio  is  in  turn  controlled  by  visual  stimuli.  The  visual 
stimuli,  through  differential  dorso-ventral  retinal  stimulation,  result  in  dif- 
ferent rates  of  secretion  of  the  two  principles  bv  their  two  respective 
sources. 

The  chromatic  pituitary  hormone  inxolved  in  melanin  dispersion  seems 
also  to  be  present  and  active  in  normal  color  change  to  a  greater  or  lesser 
degree  in  all  teleost  fishes.  The  eel,  Anguilla,  shows  sluggish  color  changes 
requiring  days  for  completion.^'"  In  this  fish,  despite  the  apparent  presence 
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of  both  concentrating  and  dispersing  nerve  fibers,  color  changes  seem  pre- 
dominantly determined  by  hormones.  In  its  activity  in  the  eel,  the  B-sub- 
stance  is  believed  to  be  assisted  by  a  W-substance.^^^  That  direct  innervation 
does  play  some  role  in  color  changes  in  this  fish  is  seen  in  the  limited  back- 
ground response  after  hypophysectomy. 

The  B-substance  is  found  to  be  slighdy  less  important  in  normal  color 
changes  in  the  catfish  Ameiurus.  Hypophysectomized  catfishes  continue  to 
show  color  changes  in  response  to  black  and  white  backgrounds  but  show 
only  an  intermediate  degree  of  darkening  on  black.-'^  Injection  of  posterior- 
lobe  extract  will,  however,  completely  blacken  these  fish.  Here  we  must 
assume  that  a  blood-borne  B-substance  supplements  the  action  of  dispers- 
ing nerve  fibers  in  the  normal  responses  to  black  backgrounds;  there  is  as 
yet  no  evidence  for  the  operation  of  a  W-substance  in  this  species. 

The  killifish,  Fundulus,  on  which  a  vast  amount  of  research  has  been 
done,  is  a  species  in  which  the  dominant  mechanism  of  melanophore  control 
is  nervous.  Color  changes  are  very  rapid,  only  a  minute  or  two  being  re- 
quired for  nearly  maximal  color  change.  These  changes  continue  to  occur 
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Fig.  273.  Diagram  of  the  controlling  mechanism  of  melanophores  in  the  eel,  Anguilla. 
L,  incident  light;  W(B),  white  or  black  background;  DR,  dorsal  retina;  VR,  ventral 
retina;  CNO,  central  nervous  system;  P,  pituitary;  A,  adrenergic  fibers;  C,  cholinergic 
fibers;  B,  blood  and  Ivmph;  DM,  dispersed  melanin;  CM,  concentrated  melanin.  From 
Parker.^=^ 


in  hypophysectomized  specimens.^^^  Furthermore,  injection  of  extracts  of 
posterior  lobe  into  pale  fish  on  a  white  background  does  not  produce  sig- 
nificant darkening.  Since  such  extracts  will  induce  darkening  in  denervated 
areas  of  the  skin  we  must  conclude  that  the  chromatophores  are  normally 
influenced  to  some  extent  by  this  substance,  which  is  shown  to  be  present 
in  their  pituitaries."-  ^'■^  However,  its  normal  influence  is  probably  seen  only 
in  the  production  of  extreme  conditions  of  dark  adaptation  maintained  over 
relatively  long  periods  of  time. 

All  teleost  fishes  thus  far  investigated  appear  to  fall  into  a  series  in  the 
relative  influences  of  direct  innervation  and  blood-borne  hormones.  A  reason- 
able hypothesis  has  been  advanced  that  the  humoral  control  is  phylogenet- 
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ically  the  older,  and  that  direct  nervous  control  has  been  superimposed  upon 
it  in  those  fishes  of  more  recent  evolutionary  origin.^"**  The  latter  tendency 
is  associated  with  more  rapid  response  to  background,  which  has  become 
possible  through  a  simultaneous  increase  in  the  speed  of  the  melanophore 
change  itself.  The  typical  teleost  controlling  mechanism  for  melanophores  is 
diagrammed  in  Figure  273. 

A  survey  of  the  character  of  the  response  of  melanophores  of  fishes  to 
war  gases  suggests  the  presence  of  two  differently  responding  types,  with 
catfishes  possessing  one  type  and  scaly  fishes  the  other. ^^''- 

Very  much  less  is  known  about  the  control  of  the  erythrophores,  xantho- 
phores,  leucophores,  and  iridocytes  than  about  the  control  of  the  melano- 
phores. The  erythrophores  of  the  squirrel-fish,  Holocentrus,  are  rapidly  re- 
sponding effector  organs.^'^-  Through  their  activity  the  fish  can  change  from 
red  to  white  in  about  5  seconds,  and  make  the  reverse  change  in  about  20  sec- 
onds. These  responses  may  be  induced  by  change  from  black  to  white  back- 
ground, and  vice  versa.  Transection  of  nerve  tracts  in  a  fish  on  a  white  back- 
ground results  in  dispersion  of  red  pigment.  The  areas  blanch  again  in  a  short 
while  and  may  be  darkened  again  by  a  second  more  distal  cut,  indicating  the 
presence  of  dispersing  nerve  fibers.  The  presence  of  concentrating  nerve  fibers 
can  be  demonstrated  by  electrical  stimulation  of  the  medulla,  resulting  in 
rapid  paling  of  all  innervated  erythrophores.  Experimentally  denervated  cells 
fail  to  give  this  response.  Adrenalin  concentrates  the  pigment.  Pituitary  ex- 
tracts from  other  squirrel-fish  produce  no  effect  when  injected  into  normal 
light-adapted  or  dark-adapted  specimens.  It  thus  appears  that  the  erythro- 
phores of  Holocentrus  normally  are  exclusively  under  nervous  control.^^^ 
The  erythrophores  of  Phoxinus,  on  the  other  hand,  have  been  shown  to  be 
influenced  by  a  principle  from  the  hypophysis.^" 

The  xanthophores  of  Funduliis  appear  to  possess  double  innervation, 
comprising  concentrating  and  dispersing  fibers.^^  A  concentrating  hormone, 
probably  adrenalin,  also  appears  to  be  responsible  for  the  concentration  of 
the  pigment  which  results  from  handling  of  the  fish.  This  latter  concentra- 
tion occurs  as  rapidly  in  denervated  xanthophores  as  in  innervated  ones. 
On  the  other  hand,  intraperitoneal  implantation  of  Fundulus  pituitaries  into 
hypophvsectomized  specimens  induces  pigment  dispersion  in  denervated  xan- 
thophores, regardless  of  color  of  background.  Such  implants  also  impede  the 
typical  pigment-concentration  in  innervated  cells  in  response  to  blue  or 
white  backgrounds."^  It  therefore  appears  that  several  factors  normally  in- 
Huence  the  state  of  the  xanthophores  in  this  species.  Melanophores  and  xan- 
thophores of  Fundulus  react  independently  in  background  responses.^ 

A  number  of  fishes,  including  Fundidus,  possess  non-iridescent  reflecting- 
white  chromatophores  known  as  guanophores  or  leucophores.'*^  These  may 
show  physiological  changes  in  the  adaptive  responses  of  the  fish  to  back- 
ground. Little  is  known  of  their  normal  control.  They  continue  to  respond 
to  background  after  hypophysectomy,  and  after  sufficient  dosage  of  the  fish 
with  ergotamine  to  prevent  any  response  of  the  accompanying  melanophores. 
They  disperse  their  pigment  under  the  influence  of  adrenalin. ^-^ 

Iridosomes  or  chromatosomes  play  only  a  passive  role  in  adaptive  color 
changes,  becoming  more  or  less  obscured  through  activity  of  the  other  chro- 
matophore  types.  Normally  these  bodies  are  green  or  blue.  They  are  highly 
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responsive  to  certain  environmental  stimuli,  changing  reversibly  through  the 
spectral  colors  to  red  on  excitation  and  in  the  opposite  direction  on  recovery. 
This  response  is  direct,  and  does  not  in\olve  coordinating  mechanisms  within 
the  animal,  either  nervous  or  humoral.^" 

Reptiles.  The  functional  organization  of  the  melanophores  of  reptiles 
shows,  as  in  the  fishes,  a  great  diversity.  It  appears  to  involve,  to  differing 
degrees  in  different  reptiles,  the  acti\'ities  of  hormones  and  nerves. 

The  melanophore  responses  of  the  iguanid,  Anolis,  have  been  iuACsti- 
gated  very  extensively  by  Kleinholz.'''^  These  lizards  show  color  changes 
ranging  from  bright  green  to  dark  brown.  They  typically  assume  the  former 
color  in  an  illuminated  white  container,  and  the  latter  in  an  illuminated 
black  one.  The  response  to  change  from  a  white  to  a  black  background  is 


Fig.  274.   A  normal  dark  and  a  hypophysectomized  light  Anolis.    From  Kleinholz."" 

usually  completed  in  5  to  10  minutes.  The  reverse  change  normally  re- 
quires 20  to  30  m.inutes.  These  background-induced  responses  depend  on 
the  eyes;  they  cease  after  bilateral  blinding.  However,  such  blinded  speci- 
mens still  are  capable  of  color  change;  they  darken  in  light  and  become 
pale  in  darkness,  through  primary  responses. 

For  many  years  after  Briicke's-*''  classical  studies  of  color  change  in  the 
chameleon,  in  which  he  demonstrated  nervous  control  of  the  melanophores 
by  the  sympathetic  system,  it  was  considered  that  reptilian  chroma tophores 
generally  were  thus  controlled.  Studies  on  Phrynosoma,^''^  however,  pro- 
vided basis  for  a  strong  suspicion  that  nerx'es  were  not  the  sole  method  of 
control.   The  lizard,  Hemidactylus,  becomes  pale  in  color  after  hypophysect- 
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omy.  Hypophysectomized  Anolis  remain  permanently  bright  green"'^  (Fig- 
274).  They  no  longer  darken  in  response  to  black  background  or  bright 
light.  They  can  be  darkened  readilv  by  injection  of  extracts  of  whole  pi- 
tuitary of  hshes  or  the  intermediate  lobes  of  frogs  or  reptiles.  The  melano- 
phores  of  the  rattlesnake  appear  also  to  be  normally  dispersed  by  a  prin- 
ciple from  the  pituitary. '"'■* 

Transection  of  nerves,  such  as  section  of  the  spinal  cord  at  various  levels, 
or  cutting  the  sciatic  nerve  in  Anolis,  in  no  wav  interferes  with  the  normal 
color  responses.  In  fact,  attempts  at  histologic  demonstration  of  nerve  termi- 
nations at  the  melanophores  have  been  uniformly  unsuccessful.  Skin  grafts 
verv  soon  show  color  changes  which  are  svnchronous  with  those  of  the  host. 
Exclusion  of  the  blood  supplv  from  anv  region,  on  the  other  hand,  results 
in  a  paling  of  that  region  in  about  15  minutes. 

The  roles  of  the  animal's  own  hypophvsis  and  adrenals  can  be  shown  by 
electrical  stimulation  with  one  electrode  placed  in  the  cloaca,  the  other  in 
the  mouth.  Stimulated  pale  animals  kept  in  darkness  become  uniformly  dark 
brown.  Denerxated  areas  respond  just  as  do  the  innervated  ones.  Similar 
stimulation  of  hypophysectomized  specimens  gives,  on  the  other  hand,  a  char- 
acteristic mottling  of  the  body.  This  last  is  not  obtained  after  both  adrenal- 
ectomv  and  hvpophysectomv.  Furthermore,  injection  of  adrenalin  or  of  ex- 
tracts in  Ringer  solution  of  the  animal's  own  adrenals  produces  the  typical 
mottling.  Adrenalectomized  animals  lighten  in  response  to  a  white  back- 
ground. All  of  these  observations,  and  others,  point  strongly  to  the  con- 
clusion that  the  melanin  in  Anolis  normallv  disperses  as  a  result  of  the  ac- 
tivity of  a  principle  from  the  intermediate  lobe,  and  that  its  gradual  disap- 
pearance from  the  circulation  suffices  to  account  for  lightening.  Rapid 
blanching  which  normally  follows  electrical  stimulation  or  excitement  may 
perhaps  be  accounted  for  by  integumentary  vasoconstrictor  activity  and  un- 
der some  circumstances  bv  the  production  of  adrenin. 

Light  appears  to  have  no  significant  influence  on  the  melanophore  state 
in  intact  Anolis,  other  than  through  the  eyes. 

The  available  evidence  indicates  roles  of  both  nerves  and  hormones  in  the 
melanophore  responses  of  the  iguanid,  Phrynosoma.  The  early  work  of  Red- 
field^ ''^  on  this  form  has  been  largely  confirmed  and  considerably  extended 
bv  Parker.^'^"*  These  animals  are  normally  gray  with  characteristic  black 
patches.  The  latter  patches  show  no  color  changes,  whereas  the  intervening 
area  varies  with  appropriate  stimulation  from  dark  gray  to  pale  grayish- 
white.  These  changes  are  due  primarily  to  melanophore  activities.  Darken- 
ing of  the  animal  occurs  in  about  15  minutes,  and  lightening  in  approxi- 
mately twice  that  time. 

Phrynosoma  darkens  on  an  illuminated  black  background,  at  low  tempera- 
tures, and  in  response  to  very  strong  illumination.  It  lightens  on  an  illum- 
inated white  background,  at  high  temperatures,  and  in  darkness. 

The  melanophores  are  normally  under  the  influence  of  pigment-concen- 
trating nerve  fibers.  Stimulation  of  a  sciatic  nerve  will  induce  lightening  in 
the  corresponding  hind  leg.  Electrical  stimulation  of  the  roof  of  the  mouth 
or  of  the  cloaca  results  in  a  paling  of  the  whole  animal,  which  is  quickly  re- 
versible. Following  denervation  of  a  region  of  the  body,  leg,  or  lateral  trunk, 
similar  stimulation  results  in  a  lightening  of  all  regions  except  the  denerv- 
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ated  one,  despite  the  fact  that  the  melanophores  in  the  denervated  area  still 
show  pigment  concentration  in  response  to  an  injection  of  adrenalin.  No 
indication  of  pigment-dispersing  fibers  has  been  uncovered  in  this  species. 

Phrynosoma,  like  Anolis,  after  hypophysectomy  becomes  pale  and  re- 
mains so  indefinitely.  Injection  of  pituitrin  or  of  extract  of  Phrynosoma  pi- 
tuitary induces  strong  darkening  either  in  normal  pale  or  in  hypophysecto- 
mized  individuals.  Furthermore,  injection  of  defibrinated  blood  from  a  dark 
specimen  into  the  leg  of  a  pale  one  produces  darkening  in  the  latter.  These 
results  provide  strong  evidence  that  a  hormone  arising  in  the  pituitary  is 
normally  concerned  in  body-darkening.  An  action  of  a  pigment-concentrating 
hormone  is  also  seen  in  that  adrenalin  or  extract  of  Phrynosoma  adrenals 
strongly  blanches  dark  specimens.  The  presence  of  a  similarly  acting  agent  in 
the  blood  of  white-adapted  animals  is  seen  in  that  their  defibrinated  blood 
will,  on  injection  into  a  leg  of  a  dark  specimen,  fighten  the  latter.  It  has 
been  known  for  a  long  time  that  animals  held  on  their  back  or  otherwise 
stimulated  to  struggle  vigorously  will  lighten  rapidly.  By  comparison  of  the 
influences  of  denervation  and  occlusion  of  blood  supply  on  the  production 
of  this  type  of  lightening  it  can  be  clearly  demonstrated  that  a  blood-borne 
agent  is  involved.  These  observations  lead  to  the  obvious  conclusion  that  the 
paling  is  brought  about  by  two  methods,  nervous  and  hormonal,  either  one 
alone  capable  of  producing  the  response. 

Both  the  dispersing  hormone  from  the  pituitary  and  the  concentrating 
hormone  from  the  adrenals  operate  directly  on  the  melanophores;  each  is  ca- 
pable of  exhibiting  its  complete  action  after  nerve  transection  and  degenera- 
tion of  the  nerve  fibers. 

The  influence  of  temperature  and  of  light  and  darkness  on  the  melano- 
phores of  Phrynosoma  is  a  direct  one,  in  which  the  melanophores  act  as  in- 
dependent effectors.  The  responses  may  be  obtained  locally  by  application 
of  the  stimulus  to  the  specific  region  in  completely  denervated  portions  of 
the  body.  Since  even  degeneration  of  the  innervating  fibers  does  not  result 
in  termination  of  the  response,  axon  reflexes  cannot  be  responsible. 

The  coordination  of  the  melanophores  of  chameleons,  Chamaeleo  or  Lo-pho- 
saura,  unlike  that  in  the  iguanids,  appears  to  be  exclusively  nervous.^""'  Nerve 
transection  is  followed  by  a  darkening  of  the  area  normally  innervated  by  the 
nerves.  These  nerves  are  of  the  autonomic  nervous  system.  The  melanophores 
are  readily  caused  to  concentrate  their  pigment  by  electrical  stimulation  of 
the  nerves.  The  results  of  nerve  transection  have  been  interpreted  to  be  due 
to  the  absence  of  tonic  impulses  reaching  the  pigment  cells.^^*'-  ^"^  There  is 
no  clear  evidence  as  yet  that  the  pigment  is  actively  dispersed  by  a  second 
set  of  nerve  fibers,  as  appears  to  be  true  of  many  teleosts. 

There  is  little  or  nothing  known  for  the  most  part  as  to  possible  roles  of 
hormones  in  the  color  changes  in  the  chameleon,  but  the  fact  that  color  pat- 
terns can  be  produced  on  the  body  by  alternate  light  and  shadow-*^  argues 
against  any  considerable  importance  of  such  factors. 

The  melanophores  of  intact  animals  respond  to  light  and  darkness  by 
pigment  dispersion  and  concentration,  respectively.  Dark  regions  produced 
by  denervation  show  no  such  responses.  These  results  were  interpreted  by 
Zoond  and  Eyre^"^  to  prove  that  the  responses  of  the  melanophores  can  oc- 
cur only  by  way  of  reflexes  involving  the  central  nervous  system.   But  Park- 
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er^^^  has  pointed  out  the  possibiHty  of  an  alternative  interpretation,  that  the 
pigment  cells  in  these  forms  may  show  direct  responses  when  their  state  is 
not  determined  by  a  dominating  mechanism. 

In  summary  we  appear  to  find  among  the  reptiles,  as  with  fishes,  varying 
degrees  of  evolution  of  chromatophore  control  from  systems  involving  a 
probably  primitive  hormonal  mechanism  of  coordination  of  the  chromato- 
phores, through  those  in  which  both  nerves  and  hormones  cooperate,  to  those 
largely  dominated  by  direct  nervous  innervation. 

FUNCTIONAL  SIGNIFICANCE  OF  CHROMATOPHORES 
AND  COLOR  CHANGE 

Since  the  responses  of  the  chromatophores  are  predominantly  responses 
to  color  or  shade  of  background,  one  is  led  to  the  hypothesis  that  the  color 
changes  contribute  significantly  to  the  obliterative  coloration  of  the  ani- 
mal for  protection  or  aggression  and  hence  increase  its  chances  for  sur- 
vival.  One  of  the  few  experimental  demonstrations  that  physiological  color 


•Species    of  Fishes 

Fig.  275 


ninutes' after  c/ionfe  of   backgrvund 

Fig.  276 


Fig.  275.  Percentage  choice  of  a  black  over  a  white  background  for  each  of  eight  species 
of  fishes  adapted  to  black  and  white  backgrounds.  From  Brown  and  Thompson.'*^ 

Fig.  276.  The  rate  of  change  in  percentage  choice  of  a  black  background  following 
transfer  of  Ericymha  from  a  black  to  a  white  background  and  vice  versa.  From  Brown 
and  Thompson.^ 

changes  do  actually  increase  chances  for  survival,  a  view  often  questioned, 
is  that  of  Sumner,^*^^  in  which  he  found  that  fishes  given  time  to  change 
their  coloration  were  seized  in  smaller  percentages  by  a  predatory  bird  than 
were  unadapted  ones.  It  has  also  been  clearly  demonstrated  that  fishes 
which  are  black-adapted  tend  to  select  black  backgrounds,  when  given  a 
choice  of  black  or  white,  more  commonly  than  do  white-adapted  individu- 
3ls.35.  no  {^pjg  275),  and  that  the  rate  of  change  of  choice  with  change  of 
background  in  Ericymha  is  approximately  the  same  as  the  change  in  skin 
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coloration  (Fig.  276).  Fishes  with  more  rapid  and  striking  color  changes 
seem  to  have  their  choice  more  strongly  modified  along  with  background 
adaptation  than  do  ones  with  less  effective  changes.  The  crayfish,  Camharns, 
also  appears  to  possess  an  adaptive  background  selection.-^ 

Chromatophores  appear  also  to  serve  in  the  protection  of  animals  from 
bright  illumination  which  may  be  deleterious.  In  some  animals,  e.g.,  certain 
leeches  and  sea-urchins,  the  chromatophore  pigment  disperses  only  in  re 
sponse  to  bright  illumination  and  with  no  regard  to  a  possible  protective  col- 
oration in  relation  to  the  background.  The  black  and  white  pigments  in  the 
crab,  Uca,  are  normally  dispersed  in  light  during  the  daytime  and  concen- 
trated in  darkness  at  night.  This  is  due  partly  to  an  inherent  rhythm  and 
partly  to  a  response  to  total  illumination.  It  is  also  noteworthy  in  this  re- 
gard that  the  white  chromatophores  of  such  brilliant-light-inhabiting  Sar- 
gasso-weed crustaceans  as  Latreutes  fucorum,  Leander  tenuicornis,  and  Hip- 
polyte  acuminata  are  very  abundant  and  richly  charged  with  white  pig- 
ment. In  bright  illumination  this  pigment  disperses  bi-oadly,  providing  a  con- 
tinuous layer  of  a  very  effective  diffusing  reflector.  In  view  of  the  character 
of  the  primary  color  responses  of  animals  being  that  of  pigment  dispersal 
in  light  and  pigment  concentration  in  darkness,  it  appears  reasonable  to 
suspect  that  this  light-protective  function  of  chromatophores  is  a  most  primi- 
tive one,  with  the  role  of  production  of  obliteratixe  coloration  evolving  later. 

Another  function  which  has  been  attributed  to  chromatophores  is  that  of 
thermoregulation.^^'  ^^^  The  desert  lizard  Phryn.osoma  is  light  at  night  and 
during  midday,  and  dark  during  the  early  morning  and  late  afternoon^*^^  (Ch. 
10).  These  and  similar  observations  have  led  to  the  hypothesis  that  the 
chromatophores  function  in  thermoregulation  in  this  species.  The  animal 
apparently  is  adaptively  controlling  heat  absorption  and  radiation  at  the 
various  times  of  day  by  chromatophore  activities.  Strongly  supporting  this 
view  are  the  observations  of  numerous  investigators  of  reptilian  color 
change  that  elevation  of  the  body  temperature  to  approximately  40°  C.  leads 
to  melanin  concentration  and  that  lowering  of  the  temperature  to  about  5°  C. 
leads  to  dispersion. ^^'^  The  black  pigment  of  the  crab,  Uca,  also  tends  to  con- 
centrate as  the  body  temperature  is  elevated  above  25  to  30°  C.'^'*  These  condi- 
tions obviously  result  in  control  of  the  amount  of  light  absorbed  by  the  black 
pigment  in  a  manner  beneficial  to  the  animal. 

One  additional  role  of  color  changes  in  animals  is  suggested  by  the  color 
displays  that  sometimes  accompany  mating  behavior  in  such  species  as  Ano- 
lisf'-  During  pairing  the  males  show  a  striking  change  from  green  to  brown. 
Color  displays  are  also  associated  with  the  breeding  season  in  certain  tele- 
osts  and  cephalopods.  The  importance  of  these  mating  color  displays  is  un- 
known. Special  nuptial  morphological  color  changes  are  not  infrequently  as- 
sociated with  the  breeding  season. '^^ 

SUMMARY 

Color  changes  involving  movements  of  pigments,  and  formation  or  accum- 
ulation and  destruction  or  loss  of  pigments,  within  special  bodies  in  the  in- 
tegument, the  chromatophores,  have  been  observed  among  reptiles,  amphib- 
ians, teleosts,  elasmobranchs,  cyclostomes,  crustaceans,  insects,  cephalopods, 
annelids,  and  echinoderms.  These  color  changes  are  most  characteristically 
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ones  involving  adaptation  of  the  animal  to  its  background  through  a  func- 
tional relationship  between  the  eyes  and  the  chromatophores,  although  total 
amount  of  illumination,  temperature,  humidity,  tactile  stimuli,  endogenous 
rhythms,  and  other  factors  may  also  influence  the  process. 

The  reflex  pathways,  initiated  at  the  eyes,  which  are  responsible  for 
the  control  of  the  color  changes  in  all  crustaceans,  insects,  amphibians,  and 
many  fishes  and  reptiles,  involve  hormones.  Both  blood-borne  hormones  and 
direct  innervation  operate  importantly  in  most  other  species,  with  the  pos- 
sible exception  of  the  chameleon  among  the  reptiles  and  such  fishes  as 
Fundulus  among  the  teleosts,  and  possibly  also  in  leeches  where  purely 
nervous  reflexes  possess  dominant  or  exclusive  control.  Responses  of  the 
chromatophore  system  to  Hght  continue  in  most  animals  in  the  absence  of 
the  eyes,  either  through  the  responses  of  the  chromatophores  acting  as  in- 
dependent effectors  or  reflexly  through  other  light  receptors,  e.g.,  the  pineal 
complex.  These  latter  responses  are  responses  only  to  intensity  of  illumination 
and  bear  no  relation  to  color  of  background.  These  latter  reactions  typicallv 
operate  to  render  the  animal  darker  in  higher  illumination  and  lighter  in 
lower. 

Several  functions  have  been  ascribed  to  the  chromatophore  system,  among 
them  being:  (1)  protective  and  aggressive  coloration;  (2)  thermoregulation; 
(B)  protection  of  the  body  tissues  from  intense  illumination;  and  (4)  mating 
color  displavs. 
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CHAPTER  22 


j  -  Endocrine  Mechanisms 

rTI 

I  HE  PRODUCTION  and  dispersal  within  the  organism  of  chemical  sub- 
I  stances  which  subserve  definite  integrating  and  coordinating  roles, 

.JL — and  thereby  supplement  the  activity  of  the  nervous  elements,  are 
characteristic  of  all  living  things.  Such  substances  may  be  referred  to  de- 
scriptively as  chemical  coordinators,  in  the  broadest  sense,  every  substance 
which  enters  the  body  fluids  from  the  external  environment  or  from  the  con- 
stituent cells  of  a  higher  organism  and  thus  contributes  to  the  normal  com- 
position of  the  internal  medium  is  a  chemical  coordinator.  Oo  and  CO2,  for 
example,  certainly  operate  importantly  in  the  coordination  of  organismic  ac- 
tivities. Other  coordinatory  substances,  such  as  the  D  vitamins,  may  enter 
the  body  or  may  under  certain  circumstances  be  svnthesized  within  certain 
cells  of  the  organism  and  thence  be  liberated  into  the  blood.  Some  chemical 
substances,  e.g.,  secretin,  appear  to  be  more  restricted  in  their  region  of 
origin  within  the  body  and  adaptively  participate  in  a  specialized  activity 
within  the  organism,  namely,  stimulation  of  the  liberation  of  pancreatic 
juice  in  response  to  the  presence  of  food  in  the  duodenum.  Finally,  many 
groups  of  higher  organisms  have  differentiated  specialized  glandular  cells, 
tissues,  or  organs  which  elaborate  coordinatory  substances  for  the  organism 
as  a  whole.  This  latter  development  seems  to  have  paralleled  the  general 
specialization  and  restriction  within  the  organism  of  numerous  other  organs 
and  organ  systems;  these  developments  could  come  about  as  soon  as  an 
effecti\'e  mechanism  of  internal  transport  was  provided  in  the  form  of  a  cir- 
culatory system.  It  is  therefore  not  surprising  to  find  most  described  instances 
of  the  existence  of  specialized  endocrine  organs  among  the  annelids,  mol- 
luscs, and  arthropods,^^-  ^''  "•^'  •''*•  '•'''•  "''*  in  addition  to  the  vertebrates. 

The  terms  hormones  and  endocrines  are  applied  to  special  chemical  co- 
ordinators which  are  produced  at  some  more  or  less  restricted  region  or  regions 
within  the  organism  and  which  possess  specific  phvsiological  action  at  that 
or  other  regions  within  the  body.  Thev  are  usuallv,  but  by  no  means  al- 
ways, produced  in  well  defined  glandular  organs.  No  two  endrocrinologists 
may  agree  on  how  broadly  one  should  interpret  such  a  definition  of  a  hor- 
mone. Obviously,  in  view  of  the  complete  intergradation  of  all  types  of 
chemical  coordinators  with  one  another  it  is  impossible  to  make  a  sharp 
natural  division  between  hormones,  on  the  one  hand,  and  other  chemical  co- 
ordinators, on  the  other.  Ascorbic  acid  may  fulfill  the  definition  of  a  hormone 
for  the  rat,  for  example,  and  yet  fulfill  the  definition  of  a  vitamin  for  man. 

Our  knowledge  of  the  modes  of  action  of  chemical  coordinators  is  still  far 
too  scanty  to  permit  an  attempt  to  make  any  distinction  in  terms  of  how  the 
substance  exerts  its  influence,  e.g.,  whether  it  actively  participates  in  chem- 
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ical  reactions  or  acts  only  as  a  biocatalyst.  In  view  of  the  inherent  impos- 
sibihty  of  arriving  at  a  clear  and  restricted  definition  of  a  hormone,  it  is 
proposed  in  this  chapter  to  deal  only  with  those  chemical  coordinators  which 
have  come  to  be  considered  by  the  majority  of  investigators  in  those  fields 
as  endocrines. 

The  important  point  to  emphasize  for  comparative  physiological  purposes 
is  that  in  a  number  of  phyla  and  classes  of  animals  special  chemical  sub- 
stances essential  to  the  integrative  activities  of  the  body  are  produced.  The 
point  of  origin  within  the  organism,  the  specific  chemical  nature  of  the  hor- 
mone, and  the  routes  or  forces  of  transport  are  secondary  in  importance  to 
the  abilities  of  these  hormones  to  induce  certain  characteristic,  and  often 
differential,  effects  within  the  animal.  Furthermore,  the  nature  of  the  effects 
produced  depends  as  much  on  the  nature  of  the  reacting  tissues  as  on  the 
chemical  properties  of  the  circulating  hormone.  Hormones  spreading  random- 
ly through  the  body  in  the  body  fluids  are  obviously  powerless  to  produce 
tissue  and  organ  differentiation,  or  induce  any  directed  or.  organized  activi- 
ties in  the  absence  of  an  underlying  gene-determined  differentiation.  The 
activities  of  hormones  are  in  a  sense,  therefore,  superimposed  on  the  basic  pat- 
tern of  the  organism,  bringing  into  functional  integration  the  numerous  and 
complex  latent  differentiations.  In  a  study  of  endocrine  mechanisms  the 
phylogenetic  and  ontogenetic  development  of  ability  to  respond  to  an  en- 
docrine is  therefore  as  important  as  the  appearance  of  the  endocrine  itself. 

HORMONES  AND  GENERAL  GROWTH  AND  DIFFERENTIATION 

Vertebrates.  Vertebrates  are  characterized  by  a  growth  and  differentia- 
tion in  which  the  organism  increases  in  size  through  the  accumulation  of 
water,  salts,  and  organic  constituents.  Not  only  is  there  an  absolute  inerease 
in  the  quantities  of  these  substances,  but  there  are  also  during  this  period 
characteristic  changes  in  the  ratios  of  these  within  the  body  until  growth 
terminates  in  the  adult.  The  latter  period  is  one  where  a  balance  of  con- 
structive and  destructive  phases  of  metabolism  is  reached  and  a  steady  state 
is  maintained.  Variations  from  this  steady  state  are  largely  the  results  of  fat 
depositions;  the  proportions  of  protein,  ash,  and  water  remaining  strikingly 
constant.  Hormones  are  known  to  operate  not  only  in  regulating  the  growth 
and  differentiation  processes  but  also  in  the  maintenance  of  the  final  steady 
state  of  the  adult.  We  shall  first  treat  the  developmental  processes,  although 
there  is  actually  no  true  separation  between  the  hormonal  control  of  growth, 
on  the  one  hand,  and  of  general  metabolism,  on  the  other. 

The  anterior  lobe  of  the  pituitary  is  essential  to  normal  growth  in  the 
mammal,  its  importance  being  least  in  early  embryonic  development,  but 
gradually  increasing  thereafter.  The  subject  has  been  well  reviewed  by 
Long.^''^  Hypophysectomy  results  in  the  rapid  cessation  of  growth  in  80-100 
gm.  rats,  and  injection  of  crude  alkaline  pituitary  extracts  into  such  animals 
restores  growth.  Such  extracts  also  accelerate  growth  in  normal  young  mam- 
mals or  stimulate  further  growth  in  those  whose  growth-curve  has  reached 
a  plateau.  The  additional  growth  that  results  resembles  quite  closely  normal 
growth  and  gigantism.  One  of  the  important  sites  of  action  of  the  growth- 
promoting  pituitary  extracts  is  the  epiphyseal  cartilage.  Histological  evidence 
of  an  activation  of  this  tissue  is  an  early  response  to  the  extract  injections. 
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Furthermore,  at  least  in  man  and  some  dogs,  an  excess  of  pituitary  sub- 
stance after  closure  of  the  epiphyses  results  in  the  characteristic  bone  de- 
formities of  acromegaly.  Skeletal  abnormalities  in  the  skull  are  also  ob- 
served in  extract-treated  or  hypophysectomized  mammals  of  other  species. 

There  is  also  clear  evidence  that  crude  alkaline  pituitary  extracts  exert  a 
strong  influence  on  growth  of  the  soft  tissues  of  the  body.  Protein  metabolism 
is  affected  in  such  a  way  as  to  increase  the  ratio  of  protein  synthesis  to  pro- 
tein degradation.  A  number  of  investigators  have  observed  a  significant  drop 
in  blood  non-protein  nitrogen  (N.P.N. ),  urea,  and  amino  acids,  and  a  sub- 
stantial drop  in  urinary  N.P.N,  after  the  injection.  Mice  injected  with  an- 
terior lobe  extract  daily  for  105  days  have  been  shown  to  have  increased 
water,  ash,  and  protein  content.  Fat  content,  on  the  other  hand,  may  even 
be  reduced  below  that  of  controls.  Thus  the  growth  induced  by  the  extract 
resembles  closely  the  growth  observed  in  normal  young  and  rapidly  grow- 
ing mammals.  These  changes  can  also  be  shown  to  occur  in  fasting  as  well 
as  in  well-fed  animals.  These  influences  of  the  pituitary  on  growth  are  ex- 
erted both  through  its  known  influences  on  other  growth-essential  endocrine 
glands,  such  as  the  adrenals,  thyroid,  pancreas,  and  testes,  and  directly 
through  the  action  of  a  growth  hormone  arising  in  the  pituitary  itself. 

The  problem  of  resolving  the  role  of  a  growth-promoting  principle  from 
the  pituitary  in  the  face  of  the  numerous  trophic  influences  of  this  origin 
on  other  glands  is  a  difficult  one.  Anterior  lobe  extract  has  been  shown  to 
modify  protein  metabolism,  as  indicated  by  the  striking  drop  in  N.P.N,  of 
blood  even  after  adrenalectomy,  thyroidectomy,  or  pancreatectomy,  although 
after  pancreatectomy  the  mammal  must  receive  a  standard  insulin  treatment 
in  order  to  obtain  the  N.P.N.-reducing  action  in  response  to  the  pituitary 
extracts.  These  facts  indicate  that  the  action  of  the  pituitary  principle  in  ac- 
celerating protein  synthesis  is  exerted  directly  in  the  body  rather  than  through 
activities  of  other  endocrines. 

The  thyroid  gland  is  essential  to  growth.  Growth  virtually  ceases  after 
thyroidectomy  in  the  young  mammal,  a  dwarfed  condition  resulting.  Admin- 
istration of  thyroxin  to  a  thyroidectomized  rat  will  restore  normal  growth. 
If  hypophysectomy  has  also  been  performed,  the  thyroid  extract  shows  no 
growth-promoting  action.  In  such  thyroidectomized  and  hypophysectomized 
animals,  anterior  lobe  extract  alone  will  promote  growth,  but  its  action  is 
greatly  increased  by  addition  of  thyroid  hormone.  In  new-born  rats,  unlike 
in  older  ones,  thyroidectomy  is  followed  by  a  failure  of  response  to  the  pitui- 
tary growth  hormone.  This  appears  to  suggest  that  thyroxin  is  essential  for 
some  developmental  processes  which  must  be  completed  before  the  capacity 
to  respond  directly  to  the  pituitary  is  present. 

Removal  of  the  adrenal  cortex  of  the  mammal  leads  in  a  relatively  short 
time  to  death  of  the  organism.  Failure  to  grow  is  therefore  obviously  one  of 
the  less  significant  accompaniments  of  adrenalectomy.  Growth  is  restored 
in  adrenalectomized  animals  by  administration  of  cortical  .extracts;  after  both 
adrenalectomy  and  hypophysectomy  the  growth  response  to  anterior  lobe  ex- 
tract is  greatly  enhanced  by  simultaneous  administration  of  cortical  extracts. 

Growth  ceases  or  is  greatly  retarded  in  the  absence  of,  or  in  deficiency  of, 
insulin  from  the  islets  within  the  pancreas.  This  hormone  exerts  qualitatively 
the  same  type  of  action  on  blood  N.P.N,  as  does  the  anterior  lobe  growth 
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hormone.  Testosterone  injections  are  also  known  to  be  followed  by  some 
nitrogen  retention  and  weight  gain. 

Some  of  the  roles  of  hormones  in  mammals  in  influencing  growth  through 
protein  metabolism  are  diagrammed  in  Figure  277. 

It  was  discovered  many  years  ago  that  the  feeding  of  thyroid  gland  ma- 
terial to  amphibians  hastens  metamorphosis*^*^  and,  conversely,  that  removal 
of  the  rudiment  of  the  thyroid  from  larval  forms  prevents  metamorphosis.'^-  ^^ 
Metamorphosis  can  be  obtained  in  thyroidectomized  individuals  by  admin- 
istration of  thyroglobulin  or  thyroxin.  Less  effective  is  di-iodotyrosine,  and 
still  less  effective  are  inorganic  salts  of  iodine  or  elemental  iodine,  which, 
however,  will  induce  metamorphosis  if  they  are  present  in  sufficient  quanti- 


COj+H,0 


Fig.  277.  Diagram  summarizing  the  major  influences  of  hormones  on  growth 
in  mammals.  Modified  from  Long.^°^ 

ties.*^  This  response  to  thyroxin  is  quite  distinct  from  the  increase  in  the 
general  rate  of  metabolism.  Dinitrophenol,  a  powerful  stimulant  of  metabol- 
ism, has  no  influence  on  metamorphosis.  Acetylated  thyroxin,  on  the  other 
hand,  retains  its  normal  capacity  to  induce  metamorphosis  although  it  has 
lost  entirely  its  metabolism-stimulating  action. 

Various  amphibian  species  differ  greatly  among  themselves  in  their  re- 
sponsiveness to  thyroxin.  During  their  early  development,  none  of  them  shows 
ability  to  respond  to  this  hormone,  but  most  acquire  the  capacity  at  some  par- 
ticular stage  in  their  development.  Some  species,  like  the  Mexican  axolotl, 
never  develop  any  considerable  degree  of  reactivity  to  this  metamorphosis- 
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inducing  factor,  and  hence  normally  do  not  metamorphose  but  can  be  made 
to  do  so  bv  large  doses  of  thyroxin;  others,  such  as  NecUinis,  appear  never 
to  develop  the  reactivity  and  never  metamorphose.  That  the  failure  of  meta- 
morphosis in  Necturus  is  the  result  of  failure  of  tissue  response  rather  than 
of  the  absence  of  an  appropriate  thyroid  principle  is  shown  by  the  fact  that 
Necturus  thyroid  will  accelerate  metamorphosis  in  Rana  clamitans.^-'^ 

In  metamorphosis  there  is  an  orderly  sequence  of  changes.  This  sequence 
appears  due,  at  least  in  part,  to  a  graded  responsiveness  of  the  various  tis- 
sues of  the  organism  to  the  hormone.'"-  -^-  ^^ 

The  capacity  of  amphibians  to  metamorphose  is  also  lost  after  hypophysect- 
Qmy  5.  7,  148  y}^J5  activity  has  been  traced  to  the  anterior  lobe;"  the  prin- 
ciple involved  is  ineffective  in  inducing  metamorphosis  after  complete  thy- 
roidectomy.^ The  thyroids  are  also  known  not  to  accumulate  any  colloid  in 
the  absence  of  the  hypophysis.  This  demonstrates  that  the  production  and 
liberation  of  the  thyroid  hormone  in  amphibians,  and  hence  metamorphosis, 
is  under  the  control  of  the  hypophysis. 

Among  teleost  fishes  it  is  known  that  the  thyroid  gland  is  concerned  in 
metamorphosis  in  eels  and  in  certain  flatfishes,''"^-  ^"  and  that  changes  in  the 
amount  of  thvroxin  available  will,  in  other  species,  result  in  alterations  in 
growth  rates  and  in  body  form.^^-  '-•  ^'-'^  Furthermore,  as  in  higher  verte- 
brates, the  pituitary  yields  a  thyrotropic  principle  on  whose  activity  the  de- 
velopment and  secretion  of  the  thyroid  depends.^-  ^'^  It  is  interesting  that, 
despite  these  clearly  evident  influences  of  the  thyroid  on  teleost  growth  and 
development,  within  this  group  of  animals  the  thyroid  appears  to  have  no  in- 
fluence on  the  general  metabolic  rate.^"-  ^^^-  ^^^ 

Invertebrates:  Gene  Hormones.  The  color  of  wild-type  eye  of  Drosofhila 
is  due  to  the  presence  of  two  types  of  colored  granules:  purplish  red  and 
brownish  yellow.  The  chemical  composition  of  these  pigments  is  unknown, 
but  they  are  considered  to  belong  to  a  new  group  of  substances  named  om- 
matins,  of  low  molecular  weight.-*^  The  reddish  pigment  is  called  erythrom- 
matin;  the  brownish,  phaeommatin.  In  the  eye  these  pigment  molecules  are 
believed  to  be  conjugated  with  proteins.  These  retinal  pigments  differ  greatly 
in  composition  among  the  insects  thus  far  investigated.  The  absence  of  either 
one  or  both  of  these  pigments  in  Drosophila  is  observed  in  certain  mutant 
stocks,^''^  the  vermilion  group  of  mutants  possessing  only  the  red,  the  mutant 
brown  possessing  only  the  brownish,  and  the  mutant  white  possessing  neither 
of  these  two  pigments. 

In  Drosophila  the  eyes  differentiate  during  pupal  development  from  the 
optic  imaginal  discs.  When  the  differentiation  of  the  eye  is  nearly  complete, 
first  the  brov.'nish  pigment  makes  its  appearance  and  later  the  red.  The  de- 
veloping eyes  of  the  wild-type  flies  thus  pass  through  a  brownish  phase  in 
their  development.  The  stimulus  for  development  of  the  eye  discs,  as  with 
all  other  aspects  of  pupal  development,  appears  to  require  the  presence  of  the 
general  growth  and  differentiation  hormone,^"  which  is  treated  in  the  sec- 
tion on  molt,  pupation,  and  metamorphosis  in  insects. 

It  has  been  clearly  established  that  the  development  of  brown  pigment  in 
the  eye  depends  on  the  presence  of  a  blood-born  factor  which  has  been 
named  the  V-\-  hormone.^^-  ^"^  Eye  discs  from  a  vermilion  larva,  normally  pro- 
ducing only  red  pigment,  when  transplanted  into  a  wild-type  larva  develop 
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into  wild-type  eyes,  containing  the  brownish  pigment  in  addition  to  the  red. 
Furthermore,  blood  from  a  wild-type  pupa  transfused  into  a  vermilion  one 
will  induce  development  of  the  wild-type  pigmentation.  The  V+  hormone  is 
known  to  be  released  from  the  malpighian  tubules  and  the  fat  bodies.^"  That 
the  eye-discs  themselves  may  also  produce  some  hormone  is  demonstrated 
by  transplanting  wild-type  or  brown  eye  discs  into  vermilion  larvae,  the  discs 
in  these  cases  developing  to  a  greater  or  less  extent  their  normal  wild-type 
or  brown  coloration,  respectively. 

Xhe  V-f-  hormone  is  neither  species-specific  nor  genus-specific;"  it  is  pres;- 
ent  in  several  species  of  Drosofhila  as  well  as  in  Eiphestia,  Bomhyx,  and 
other  insects.  In  Efhestia  and  Bomhyx,  the  same  hormone  thus  operates  on 
other  pigmentary  types  in  eye-color  determination.  It  is  believed  that  this  hor- 
mone is  identical  with  the  substance  kynurenin,^^  a  product  of  general  tryp- 
tophane metabolism,  and  considered  to  arise  in  the  insects  in  association  with 
the  extensive  protein  degradation  accompanying  metamorphosis. 

Two  mutants  of  the  vermilion  group,  vermilion  and  cinnabar,  both  pos- 
sess eyes  containing  only  red  pigment.  The  eyes  of  the  two  are  distinguish- 
able only  with  difficulty.  It  can  be  shown,  however,  by  reciprocal  eye-disc 
transplantation  between  larvae  of  these  two  mutant  types  that  the  reason 
for  the  failure  to  form  brown  pigment  differs  in  the  two.  Vermilion  discs 
transplanted  into  cinnabar  larvae  develop  wild-type  pigmentation,  thus  in- 
dicating the  presence  of  V-\-  hormone.  Cinnabar  discs  transplanted  into  ver- 
milion larvae,  on  the  other  hand,  develop  only  cinnabar  pigmentation.  Since 
both  vermilion  and  cinnabar  discs  develop  wild-type  pigmentation  in  wild- 
type  hosts,  it  is  clear  that  cinnabar  lacks  a  second  factor  normally  found  in 
wild-type  blood,  a  factor  which  has  been  called  the  Cn+  hormone.^^-  ^'^  An 
assay  of  the  blood  of  various  mutant  types  for  V-4-  and  Cn-f  hormones  by 
the  general  technique  of  implanting  vermilion  and  cinnabar  eyediscs  shows 
that  the  Cn-j-  hormone  is  never  found  in  the  absence  of  V+  hormone  and 
that  as  V4-  decreases  in  amount  so  always  does  Cn+.  Furthermore,  mutants 
without  Cn4-  may  possess  the  ability  to  produce  this  latter  if  ¥+  is  supplied. 
It  has  therefore  been  assumed  that  in  the  normal  metabolism  of  the  wild-eye 
type  of  Drosofhila  V+  and  Cn+  are  formed  sequentially,  the  former  being 
a  normal  precursor  of  the  latter,  with  the  vermilion  mutant  unable  to  form 
V-\-  but  nevertheless  able  to  make  the  conversion  of  V+  to  Cn^-  and 
with  cinnabar  mutants  able  to  produce  V+  but  unable  to  make  the  con- 
version to  Cn-j-.  The  Cn+  hormone,  like  the  V-f  hormone,  is  found  in 
genera  other  than  Drosofhila  and  has  been  shown  to  be  produced  in  the 
malpighian  tubules  and  in  the  eye  discs  themselves.  It  is  not  found,  how- 
ever, in  the  fat  bodies.  Its  chemical  composition  is  not  yet  known. 

Just  as  we  are  now  well  aware  that  a  single  gene  may  determine  the  pres- 
ence or  absence  of  such  blood-borne  integrating  factors  in  development  as 
V-4-  and  Cn-f  hormones,  so  is  the  evidence  clear  that  single  gene  changes 
may  determine  the  abilities  of  the  target  organs  to  respond  to  the  hormonal 
substances.  The  mutant  scarlet  can  be  shown,  by  implantations  of  their  eye 
discs  into  other  test  larvae,  to  produce  both  V-f-  and  Cn+  hormones  and 
yet  produce  no  brown  pigment,-'*'^  and  the  mutant  white  produces  neither 
brown  nor  red.  This  indicates  the  need  for  the  presence  of  specific  "sub- 
strate" substances  within  the  eye  to  permit  the  normal  color  responses.  All 
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of  the  relationships  discussed  here  are  brought  together  in  Figure  278.^^ 

There  is  substantial  evidence  that  the  foregoing  gene  hormones  are  used 

up  in  the  reactions  in  which  they  are  involved,  probably  entering  directly 


Fig.  278.  Diagram  summarizing  the  roles  of  gene  hormones  and  certain  other  factors  in 
the  development  of  eye  pigments  in  Drosophila.   From  Ephrussi.^ 

into  certain  of  the  reactions  involved  in  pigment  production.  There  seems 
to  be  a  direct  relationship  between  the  quantity  of  hormone  made  available 
and  the  amount  of  eye  pigment  produced.  However,  since  the  same  hor- 
mones operating  in  different  insect  groups  seem  to  be  responsible  for  the  de- 
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velopment  of  pigments  of  quite  different  chemical  composition,  it  would  ap- 
pear doubtful  that  the  substances  actually  become  a  portion  of  the  chromo- 
phore  molecule. 

We  see  from  the  preceding  discussion  that  in  the  production  and  opera- 
tion of  gene  hormones  we  have  a  most  favorable  opportunity  to  investigate 
in  some  detail  instances  of  the  production  and  action  of  hormones  in  terms  of 
the  metabolic  transformations  proceeding  within  cells. 

Molt,  Pupation,  and  Metamorphosis  in  Insects.  The  post-embryonic  de- 
velopment of  insects  comprises  an  orderly  series  of  stages  in  the  course  of 
which  the  insect  becomes  transformed  from  a  larva  to  an  adult  or  imago 
(Fig.  279).  The  process  involves  growth  by  means  of  a  series  of  molts,  and 
a  metamorphosis  in  which  the  larval  characters  are  lost  and  imaginal  ones 

HEMIMETABOLOUS  DEVELOPMENT     —  " 
NYMPHAL  STAGES  ,  OR 


Molf   /   IN8TAH    \ 


Ej.   ORTHOPrEHA 

WalKm^   sticks 
HEMIPTKH* 

Bed  buj^ 
OS  ON  ATA 


LAHVAL  STAGES 
f-lOLOMETABOLOUS  DEVELOPMENT 


Fig.  279.  Diagram  representing  the  principal  stages  and  processes  involved  in  the 
development  of  hemimetabolous  and  of  holometabolous  in.sects. 

differentiated.  In  the  hemimetabolous  insects,  such  as  the  orthopterans  (grass- 
hoppers, cockroaches,  walking  sticks,  etc.),  the  hemipterans  (bedbugs,  Rhod- 
nixis,  etc.),  and  Odonata,  the  transition  from  larval  to  adult  condition  is  typ- 
ically a  gradual  one,  in  which  the  developing  young,  typically  known  as 
nymphs,  in  succeeding  molts  come  graduallv  to  resemble  more  and  more 
nearly  the  adult.  In  such  hemimetabolous  insects,  however,  the  last  nymphal 
molt  is  usually  associated  with  by  far  the  most  striking  transformation  and 
hence  is  commonly  -considered  the  metamorphic  moit.  In  holometabolous  in- 
sects, such  as  the  Lepidoptera  (moths,  biflterflies,  etc.),  Diptera  (Droso- 
phila,  blowflies,  etc.),  and  Coleoptera,  ^'ery  little  change  of  form  in  the  di- 
rection of  the  adult  occurs  during  the  larval  series  of  molts,  these  being 
primarily  growth  changes,  but  the  last  larval  molt  is  associated  with  the 
formation  of  a  pupa.  During  the  pupal  stage  the  larval  organism  becomes 
completely  transformed  into  an  adult,  a  spectacular  metamorphosis.  There  is 
no  fundamental  difference  between  the  two  foregoing  types  of  development, 
the  observed  difl^erences  being  primarily  the  result  of  differences  in  the 
times  at  which  the  processes  of  imaginal  differentiation  occur.  These  latter 
are  extended  to  a  considerable  extent  over  the  whole  larval  period  in  the 
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heminietahola  and  largely  confined  to  the  pupal  stage  in  the  holometahola. 

The  number  of  larval  or  nvmphal  stages  in  development  differs  from 
species  to  species,  but  is  usually  a  constant  for  each  species.  The  bug  Rhod- 
nius,  for  example,  has  five  nymphal  stages  or  instars,  the  orthopteran,  Dixip- 
-pus,  has  six,  and  the  dipteran,  Drosophila,  has  three.  It  is  now  well 
established  that  the  sequence  of  events  in  the  growth  and  differentiation  in 
the  post-embryonic  insect  is  in  good  measure  under  the  integrating  action  of 
hormones  derix'cd  from  glandular  sources  in  the  anterior  region  of  the  in- 
sect.'" 

Experiments  on  the  tropical  bug,  Rhodnius  prolixus,  have  provided  a 
clear  demonstration  of  the  action  of  two  developmental  hormones,^^*^-  ^^^'  ^^" 
one  inducing  molt  accompanied  by  metamorphosis,  and  the  other  inhibiting 
metamorphosis.  The  former  has  been  called  the  molting  hormone  or  the 
growth  and  differentiation  (GD)  hormone,  and  the  latter  the  inhibitory 
or  juvenile  hormone.  The  roles  of  these  hormones  are  readily  investigated 
in  developing  Rhodnius.  This  insect,  at  each  nymphal  instar,  molts  a  defi- 
nite number  of  days  after  a  meal  of  blood.  The  distention  of  the  abdomen 
appears  to  serve  as  the  adequate  stimulus.  Following  decapitation  these  in- 
sects will  survive  for  6  to  10  months.  It  has  been  shown  by  decapitation  at 
different  interxals  after  feeding  that  there  is  a  "critical  period"  occurring  a 
few  days  after  the  feeding.  Nymphs  decapitated  before  this  period  never  un- 
dergo molt;  those  decapitated  afterward  do.  That  the  critical  period  consti- 
tutes a  time  when  a  blood-borne  molt-inducing  hormone  is  being  liberated 
from  some  organ  in  the  head  is  shown  by  experimental  telobiosis  (Fig. 
280,  A)  of  two  decapitated  individuals.  Under  such  conditions,  for  example, 
molting  in  a  fourth  stage  nymph  decapitated  before  the  critical  period  will 
be  induced  by  a  fourth  stage  nymph  decapitated  after  the  critical  period. 
Both  thereby  become  fifth  stage  nymphs. 

The  fifth  nymphal  stage,  upon  molt,  typically  metamorphoses  at  that  time 
into  an  adult.  If  a  fifth  stage  nymph  is  decapitated  after  its  critical  period  it 
can  be  shown  by  telobiotic  union  with  a  first  or  second  stage  nymph  de- 
capitated before  the  critical  period,  that  the  fifth  stage  nymph  possesses 
within  its  blood  factors  which  determine  molt  with  metamorphosis.  The  at- 
tached first  or  second  stage  nymph  becomes  in  this  instance  a  diminutive 
adult.  If  a  fourth  stage  nymph  which  would  normally  molt  to  become  a  fifth 
stage  nymph  is  decapitated  after  the  critical  period  and  united  with  a  fifth 
stage  nymph  decapitated  before  the  critical  period,  the  latter  molts  and 
becomes  a  giant,  supernumerary  sixth  stage  nymph  instead  of  an  imago. 
Furthermore,  although  the  adult  normally  does  not  molt  again,  it  can  be 
made  to  do  so  by  telobiotic  and  parabiotic  union  to  two  or  three  fifth  stage 
nymphs  decapitated  after  the  critical  period.  If  fourth  stage  instead  of  fifth 
stage  nymphs  are  used,  the  adult  on  molt  shows  a  partial  return  to  the 
nymphal  condition  (Fig.  280,  B). 

From  such  experiments  it  is  readily  seen  that  the  blood  of  a  nymph  after 
the  critical  period  contains  factors  that  determine  molting  either  without  or 
with  an  accompanying  extensive  metamorphosis,  the  blood  of  the  molting 
fifth-stage  nymph,  alone,  inducing  metamorphosis.  A  careful  study  of  the 
results  of  decapitation  of  third  and  fourth  instars  at  different  times  during 
the  critical  period  itself  shows  that,  of  those  molting  after  decapitation,  those 


734 


Comparative  Animal  Physiology 


decapitated  early  in  the  period  show  a  significant  tendency  toward  prema- 
ture metamorphosis,  while  those  decapitated  later  do  not  do  so.  This  ob- 
servation has  been  interpreted  as  indicating  that  during  the  critical  period 
of  the  first  four  instars  a  molting  and  metamorphosis  hormone  is  first  lib- 
erated and  that  quickly  thereafter  a  metamorphosis-inhibiting  principle  is 
also  secreted.  The  fifth  instar  alone  in  Rhodnins  fails  to  produce  the  latter. 
The  source  of  the  metamorphosis-inhibiting  or  juvenile  hormone  is  the 
corpus  allatum,  a  median  unpaired  gland  in  Rhodnius  located  in  the  pos- 
terior region  of  the  head.  The  source  of  the  hormone  inducing  molting  and 
differentiation  is  in  the  pars  intercerebralis  of  the  dorsal  mid-region  of  the 
brain,  probably  in  certain  neurosecretory  cells  shown  histologically  to  be 
located  there.  The  elongated  form  of  the  head  of  Rhodnius  renders  it  very 


Fig.  280.  Experimental  telobiosis  and  parabiosis  in  the  bug,  Rhodnius.  A,  Telobiosis 
involving  only  nymphal  instars.  B,  Fourth  and  fifth  instar  nymphs  united  telobiotically 
and  parabiotically  with  an  imago.   From  Wigglesworth.^*^'  "" 

simple  to  cut  the  head  transversely  in  such  a  manner  as  to  retain  the  corpus 
allatum  while  the  brain  is  removed.  Utilizing  this  technique  in  conjunction 
with  telobiotic  experiments,  as  well  as  by  implanting  corpora  allata  and  pars 
intercerebralis  regions  of  brains  into  nymphs  decapitated  before  the  critical 
period,  one  can  obtain  at  will  either  a  nymphal  molt  or  a  metamorphosis  in 
Rhodnius. 

The  metamorphosis  and  the  juvenile  hormones  are  not  species-specific, 
and  the  hormones  of  Rhodnius  will  induce  similar  changes  in  other  hemip- 
terans,  such  as  Triatoma  and  Cimex. 

Among  the  orthopterans,  Dixippws,^-"-  ^-^  Leucophaea,^-^^  and  Melano- 
pitis/-'^  which  have  been  investigated  at  some  length  and  which  also  show 
hemimetabolous  development,  there  is  as  yet  no  clear  proof  of  the  existence 
or  site  of  origin  of  a  molting  or  GD  hormone,  although  it  is  generally  as- 
sumed one  is  present.  The  corpora  allata  in  all,  however,  produce  a  juvenile 
hormone.  In  Dixippus,  which  normally  has  six  nymphal  stages,  removal  of 
the  corpora  allata  in  the  third  nymphal  stage  results  in  a  premature  meta- 
morphosis, although  two  nymphal  molts  usually  intervene  between  the  op- 
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eration  and  the  metamorphosis.  This  latter  is  interpreted  to  mean  that  the 
hormone  from  the  gland  is  stored  somewhere  in  the  body  over  this  period 
Transplantation  of  corpora  allata  from  third  or  fourth  instar  nymphs  into 
sixth  instar  nymphs  of  Dixi-pfus  may  produce  giant  imagos  which  have  un- 
dergone as  many  as  three  or  four  additional  nymphal  molts.  In  Leucofhaea 
which  normally  possess  eight  nymphal  instars  allatectomy  of  a  seventh  in- 
star  before  the  critical  period  results  in  an  adult-like  stage  following  the 
molt.  Such  an  individual  has  been  termed  an  "adultoid"  and  differs  from 
adults  in  having  a  smaller  size  and  shorter  wings.  Allatectomy  in  fifth  or 
sixth  instars  results  on  molt  in  "pre-adultoids"  which  require  one  additional 
molt  to  produce  "adultoids." 

In  the  holometabolous  dipterans  the  ring  gland  of  the  larva,  located  dors- 
ally  to  the  brain  and  between  the  brain  lobes,  is  the  source  of  a  hormone 
inducing  pupation.^''-  ^^  The  role  of  this  gland  is  readily  demonstrated  by 
ligating  the  larva  to  constrict  it  into  two  portions,  one  containing  the  brain, 
and  the  other  without  it."^  If  this  operation  is  performed  before  a  certain 
"critical  period,"  only  that  portion  containing  the  ring  gland  pupates;  if 
constriction  is  produced  after  the  critical  period,  both  portions  pupate. 
Transplantation  of  a  ring  gland  from  a  last  larval  instar  into  a  first  larval 
instar  produces  premature  pupation  in  the  latter.  Ring  gland  implants  will 
also  induce  pupation  in  a  portion  of  a  larva  cut  off  by  ligation  from  its  own 
ring  gland  before  the  critical  period.  This  hormone  appears  also  to  be  the 
effective  one  operating  in  metamorphosis  as  well  as  in  pupation  itself.^^ 
Imaginal  discs  implanted  into  the  hemocoele  of  adult  flies  will  not  differenti- 
ate unless  ring  glands  of  late  larvae  are  also  implanted.^*^  Furthermore,  the 
metamorphosis  hormone  of  Lepidoptera  will  induce  pupation  in  dipterans.-^ 

The  corpora  allata  of  the  Lepidoptera,  like  those  of  the  hemipterans  and 
orthopterans,  are  the  source  of  a  juvenile  hormone.  Allatectomy  in  caterpil- 
lars of  younger  instars  is  followed  by  a  premature  pupation,  and,  conversely, 
implantation  of  corpora  allata  from  early  instars  into  caterpillars  ready  to 
pupate  will  significandy  delay  the  pupation.^'* 

From  the  time  of  the  original  experiments  of  Kopec^^  on  lepidopteran  pu- 
pation and  metamorphosis  it  has  been  known  that  at  a  certain  "critical  period" 
prior  to  pupation  a  hormone  is  liberated  from  the  anterior  portion  of  the 
larva  and  that  this  is  essential  for  pupation  and  metamorphosis.  In  the  silk- 
worm moth,  Bomhyx,  this  hormone  is  produced  in  the  prothoracic  gland 
located  in  the  prothoracic  segment.^^  jf  j^g  prothoracic  segment  is  cut  off  by 
ligation  from  the  more  posterior  regions  of  the  body  immediately  after  pupa- 
tion^ the  posterior  portion  fails  to  develop  further.  If  the  constriction  is  made 
12  to  18  hours  after  pupation  the  posterior  portion  metamorphoses  normally. 
If  prothoracic  gland  is  implanted  into  the  posterior  portion  of  a  pupa  ligated 
before  the  12  to  18  hour  "critical  period"  metamorphosis  of  this  part  also 
proceeds  normally;  or  an  abdomen  cut  off  by  constriction  may  be  induced  to 
metamorphose  by  connection  of  its  hemolymph  cavity  with  that  of  a  normal 
metamorphosing  specimen,  even  when  the  connection  is  made  by  way  of 
a  glass  capillary  tube. 

In  the  giant  silkworm  moth,  Platysamia,  after  pupation,  a  dormant  period  of 
diapause  exists  for  some  5  to  6  months  in  pupa  maintained  at  25°  C.  If  the 
brain  is  removed  from  such  diapausing  pupa  the  insect  never  rnetamorphoses 
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although  the  animal  usually  survives  for  about  a  year.^'^^  If  a  pupa  is  chilled 
by  exposure  to  a  temperature  of  3-5°  C.  for  Wz  months  metamorphosis  will 
then  occur  in  a  little  over  one  month  after  the  pupa  is  restored  to  the  higher 
temperature.  When  a  chilled  pupa  is  united  parabiotically  with  an  unchilled 
one,  both  will  metamorphose  synchronously  in  about  Wi  months  (Fig.  281, 
A  and  B).  Implants  of  brain  from  a  chilled  pupa  will  induce  metamorphosis 
in  an  unchilled  pupa. 

A  reconciliation  of  the  observed  influences  on  metamorphosis  of  the  pro- 
thoracic  gland,  on  the  one  hand,  and  of  the  brain,  on  the  other,  has  recently 
been  effected. ^'^^'  ^^^  In  Platysaniia  cecropia  the  active  fraction  from  the 
brain  arises  in  the  inner  mass  of  each  cerebral  lobe  of  the  brain,  within 
which  are  found  two  groups  of  neurosecretory  cells,  a  median  and  a  lateral 
group.  The  median  group  of  cells  corresponds  with  the  pars  intercerebralis 
cells  of  the  hemipterans.^^^  To  induce  metamorphosis  of  a  brainless  pupa  a 
portion  of  a  brain  containing  both  groups  of  neurosecretory  cells  must  be 
implanted,  suggesting  that  these  two  groups  collaborate  in  the  production 
of  the  material  involved.  Killed  brain,  or  brain  extract,  has  thus  far  proved 
ineff^ective  as  a  substitute  for  living  brain  tissue  in  inducing  metamorphosis. 

If  one  transects  pupae  of  Platysamia  just  anterior  to  the  sixth  abdominal 
segment  and  then  seals  a  plastex  cover  slip  over  the  cut  end  of  each  por- 
tion one  obtains  preparations  which  are  viable  for  eight  months  or  more 
and  development  can  be  readily  observed  in  them.  Chilled  anterior  por- 
tions, or  brainless  anterior  portions  which  have  received  an  implant  of  a 
chilled  brain,  undergo  normal  metamorphosis.  The  posterior  portion  will 
not  undergo  metamorphosis  even  when  a  number  of  chilled  brains  are  im- 
planted into  a  single  abdomen.  Such  abdomens  will  metamorphose,  however, 
when  grafted  to  metamorphosing  anterior  portions.  An  endocrine  factor  in 
addition  to  that  from  the  brain  is  obviously  essential.  That  the  source  of  the 
second  factor  is  the  prothoracic  gland  can  be  shown  by  the  induction  of 
pupation  of  isolated  abdomens  by  the  implantation  of  both  chilled  brains  and 
prothoracic  glands  (Fig.  281,  C  and  D).  The  latter  may  come  from  either 
chilled  or  unchilled  pupae.  Prothoracic  glands  by  themselves  are  not  ade- 
quate. It  would  therefore  appear  that  metamorphosis  normally  depends  on 
the  production  of  at  least  two  factors.  The  first,  produced  from  the  brain, 
is  apparentlv  required  to  acti\'ate  the  prothoracic  glands  (Fig.  281,  E  and  F). 

Other  experiments^ "^"^  suggest  that  the  prothoracic  gland  principle  influ- 
ences termination  of  pupal  diapause  and  consequent  metamorphosis  through 
action  on  the  cytochrome  svstem  of  the  larval  tissues. 

Molting  in  Crustaceans.  The  decapod  crustaceans  in  their  development 
typically  undergo  a  number  of  molts,  passing  through  a  series  of  character- 
istic larval  stages,  and  after  having  achieved  the  body-form  of  the  adult 
they  continue  to  grow  through  periodic  molting  of  the  exoskeleton.  Little 
or  nothing  is  known  regarding  the  integrating  factors  concerned  in  the  larval 
development,  although  it  seems  probable  that  the  endocrine  factors  oper- 
ating here  diff^er  little  from  those  known  to  be  operating  in  latet  molting  and 
growth. 

The  molting  process  is  a  complex  one.  The  molting  cycle  may  be  divided 
into  four  periods:  (1)  premolt,  a  period  of  active  preparation  for  molt,  in- 
cluding gradual  thinning  of  the  cuticle  and  storage  in   the  gastroliths  or 
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hepatopancreas  of  inorganic  constituents  for  a  new  exoskeleton;  (2)  molt, 
the  splitting  and  shedding  of  the  old,  partially  resorbed  cuticle,  and  an 
abrupt  size  increase  largely  due  to  absorption  of  water;  (3)  postmolt,  a  pe- 
riod of  rapid  redeposition  of  chitin  and  inorganic  salts  to  produce  a  new 
cuticle,  and  of  protoplasmic  growth;  and  (4)  intermolt,  a  period  during 
which  physiological  processes  normally  associated  with  the  molting  process 
are  largely  held  in  abeyance.  In  the  fresh-water  crayfish,  Camharus,  on  which 
most  of  our  knowledge  of  hormonal  integration  of  the  molting  phenomenon 
is  based,  there  is  no  true  larval  stage;  the  individual  hatches  as  a  diminutive 
adult.  During  its  first  year  of  life  it  molts  at  intervals  of  about  12  to  13  days, 
probably  without  intervention  of  any  significant  intermolt  period.  After  the 
first  growth  season  there  are  usually  two  molts  a  year,  one  occurring  in  the 
spring,  in  late  April  or  May,  and  the  other  in  the  summer,  in  July  or  Au- 
gust. In  these  older,  mature  crayfishes  the  premolt  period  is  3  to  5  weeks. 
During  this  time  there  is  a  gradual  resorption  of  the  exoskeleton  and 
a  deposition  of  calcium  salts  in  the  form  of  gastroliths  in  the  antero-lateral 
walls  of  the  cardiac  stomach.  There  is  also  a  gradual  increase  in  the  rate  of 
oxygen  consumption  and  of  water  content  for  a  week  or  so  prior  to  molt, 
reaching  a  peak  at  the  time  of  molt.  The  period  of  postmolt  is  one  in  which 
these  changes  proceed  in  the  opposite  direction  and  require  approximately 
the  same  time  as  the  corresponding  processes  of  premolt.  Postmolt  is  fol- 
lowed by  intermolt,  which  is  of  longer  duration  after  the  summer  than  after 
the  spring  postmolt. 

Observations  on  changes  associated  with  the  molting  cycle  in  other  crusta- 
ceans show  that  the  hepatopancreas  is  a  site  of  storage  of  calcium  salts  in 
certain  of  the  crabs.  The  stored  salts  are  not  sufficient  to  account  for  the  nor- 
mal hardening  of  the  exoskeleton,  thus  making  it  necessary  that  the  postmolt 
period  is  one  of  rapid  absorption  of  calcium,  both  directly  from  the  external 
medium  and  from  ingested  food.  A  study  of  apparent  respiratory  quotients 
of  crayfishes  shows  that  although  animals  in  intermolt  have  a  quotient  of 
about  0.8,  freshly  molted  crayfishes  show  values  as  low  as  0.1-0.2  during 
the  first  few  postmolt  hours  because  of  CO2  fixation  during  carapace  harden- 
ing, and  that  this  value  gradually  increases  to  0.7-0.8  during  the  first  post- 
molt week.  This  obviously  indicates  that  calcium  is  very  avidly  taken  up  from 
the  surrounding  medium  immediately  after  molt,  and  that  the  rate  declines 
rapidly  during  the  first  few  days. 

It  is  known  that  removal  of  .the  eyestalks  from  Astacus,^^'^  Uca,^-  ^^  Erioch- 
eir,''^  Palaemonetes,^^  or  Camharus^^'  ^^^  results  in  a  more  rapid  onset  of  the 
following  and  succeeding  molts.  In  young  Camharus,  in  their  first  year  of 
life,  removal  of  the  eyestalks  results  in  a  shortening  of  the  period  between 
molts  at  20  to  22°  C.  from  about  12  days  to  about  8  days.^"*^  That  this  in- 
fluence is  not  the  result  of  general  operative  injury  is  seen  in  that  other 
operative  injuries,  such  as  destruction  of  the  retinas,  which  are  at  least  as 
severe,  do  not  result  in  such  acceleration;  if  any  influence  is  seen  there  is  a 
retardation.  The  remaining  two  possibilities,  that  the  results  are  due  to  (1) 
the  destruction  of  important  nerve  centers,  or  (2)  the  removal  of  endocrine 
organs  important  in  molt  regulation,  have  been  resolved  in  favor  of  the 
latter.  If  both  eyestalks  are  removed  from  mature  crayfishes  molt  will  occur  a 
significant  time  in  advance  of  that  of  unoperated  controls.  If,  however,  sinus 
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glands  from  other  crayfishes  are  implanted  into  the  abdomen  of  such  eye- 
stalkless  specimens,  molting  will  be  delayed  beyond  the  time  of  that  of  the 
controls.^^'  ^'^  Similar  implantations  of  eyestalk  tissue  from  which  the  sinus 
gland  has  been  removed  are  without  appreciable  molt-retarding  influence. 
Removal  of  only  one  eyestalk  results  in  a  slightly  accelerated  molt,  suggest- 
ing the  eff^ect  to  be  quantitative  in  character. 

A  molt-inhibiting  role  of  the  crustacean  sinus  gland  has  received  confir- 
mation in  studies  of  the  control  of  gastrolith  formation  in  crayfishes  (Fig. 
282).  These  concretions,  normally  produced  only  during  the  premolt  per 
riods,  may  be  caused  to  form  at  any  other  period  of  the  year  by  excision  of 
both  eyestalks  or  by  surgical  extirpation  of  the  sinus  glands  by  themselves.^^^- 
^'^  After  eyestalk  removal  during  a  non-molting  period,  such  as  between  Sep- 
tember and  March,  the  gastroliths  commence  to  form  in  less  than  24  hours 
at  about  20°  C.  and  then  increase  in  size  slowly  during  eight  to  ten  days, 
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Fig.  282.  A,  Increase  in  gastrolith  size  and  molting  in  crayfishes  after  removal  of  the 
eyestalks  with  their  included  sinus  glands.  Note  that  an  animal  once  molted  proceeds 
almost  immediately  to  prepare  for  another  molt.  B,  Eyestalkless  crayfishes  into  which 
sinus  glands  are  implanted  at  three  or  four-day  intervals  show  no  gastrolith  production. 
From  Scudamore.^*^ 


thereafter  accelerating  rapidly  up  to  the  time  of  molt,  which  usually  occurs 
between  the  fifteenth  and  twentieth  days.  Those  individuals  which  survive 
the  molt  immediately  proceed  to  form  a  new  set  of  gastroliths.  If,  however, 
one  implants  a  sinus  gland  into  the  abdominal  region  of  eyestalkless  animals 
at  three-  or  four-day  intervals  gastrolith  formation  is  suppressed.  Eyestalk 
tissues  other  than  the  sinus  gland  have  no  such  action.  When  sinus  gland 
implantations  are  discontinued,  gastroliths  begin  to  form  about  a  week  after 
the  last  implant,  indicating  that  the  implanted  glands  are  no  longer  effective. 

Histological  changes  in  the  sinus  glands  of  crustaceans  have  been  shown 
to  be  correlated  with  the  molt  cycle. ^-^  Just  prior  to  molt,  acidophilic  secre- 
tory granules  appear  to  be  the  predominant  ones;  after  molt  completion, 
basophilic  ones  are  more  prevalent. 

The  molting  process  which  is  set  into  operation  by  eyestalk  removal  re- 
sembles still   further  the  changes  observed  in  normal  premolt  animals. ^"^^ 
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There  is  a  greatly  accelerated  rate  of  oxygen  consumption  and  an  increase  in 
water  uptake.  There  is  also  the  typical  thinning  of  the  exoskeleton  result- 
ing from  the  dissolving  and  resorptive  activity  of  the  hypodermal  cells.  All 
of  these  results  of  eyestalk  removal  are  prevented  by  implantation  of  sinus 
glands,  and  it  therefore  appears  probable  that  all  are  under  the  influence 
of  a  single  molt-inhibiting  hormone  from  the  sinus  gland. 

Comparing  the  abrupt  increase  in  oxygen  consumption  after  eyestalk  re- 
moval with  the  gradual  increase  during  normal  premolt,  it  appears  evident 
that  the  normal  molt,  unlike  the  experimentally  induced  one,  results  from 
a  gradual  and  slow  decrease  in  the  blood  titer  of  the  molt-inhibiting  prin- 
ciple from  the  sinus  gland.  This  difference  between  normal  and  experi- 
mentally induced  molt  might  account  in  part  for  the  often-reported  observa- 
tion that  eyestalkless  animals  show  gready  reduced  viability,  usually  suc- 
cumbing about  the  time  of  the  first  succeeding  molt,  or,  if  surviving  that, 
commonly  dying  during  the  second.  A  rare  animal  survives  to  the  third.  It 
has  been  shown  that  the  average  survival  time  of  eyestalkless  animals  can  be 
extended  from  about  17  days  to  more  than  38  by  periodic  implants  of  sinus 
glands.  It  seems  a  reasonable  supposition  that  in  molting  in  eyestalkless  ani- 
mals some  uncurbed  molting  processes  greatly  outrun  other  more  basic  un- 
derlying ones.  That  some  differences  from  normal  molt'  do  occur  is  seen 
in  that  the  exuvia  of  eyestalkless  crustaceans  have  less  inorganic  salt  content 
than  those  from  unoperated  molting  specimens.^"^  The  high  mortality  is  as- 
sociated with  factors  other  than  the  mere  molting. 

The  molt-inhibiting  hormone  from  the  sinus  glands  appears  to  be  respon- 
sible for  the  failure  of  egg-bearing  female  Crangon  to  molt  until  the  young 
have  hatched, ''*'  and  for  the  fact  that  at  the  annual  spring  molt  of  Camharus 
the  egg-bearing  females  molt  several  weeks  later  than  the  males  qnd  only 
after  the  young  have  left  the  maternal  pleopods.  Sinus  gland  removal  is  just 
as  effective  in  inducing  molt  in  egg-bearing  female  crayfishes  as  is  a  similar 
operation  in  males. ^"'^ 

There  is  reason  to  suspect  that  at  least  one  additional  factor,  arising  in 
some  regioa  of  the  body  other  than  the  eyestalks,  cooperates  in  the  control 
of  molt.  A  careful  study  of  the  deposition  of  calcium  salts  in  the  gastroliths 
shows  that  this  process  is  rhythmical,  with  rapid  deposition  during  the  night 
and  little  deposition  during  the  day.  Suggestive  in  this  regard,  injection  of 
extract  of  the  brain  tissue  or  strong  electrical  stimulation  of  the  cut  ends  of 
the  optic  nerves  of  eyestalkless  animals  wall  cause  a  transitory  acceleration 
in  rate  of  oxygen  consumption.^'*^ 

HORMONES  AND  SEX  AND  REPRODUCTION 

Vertebrates.  The  subject  of  hormones  and  sex  and  reproduction  in  higher 
vertebrate  has  been  comprehensively  reviewed. ^^-  ^^ 

The  hormones  whose  primary  functions  are  concerned  with  sexual  repro- 
duction and  care  of  the  developing  young  may  be  divided  in  vertebrates 
into  three  general  groups.  The  first  of  these,  the  gonadotropins,  are  hormones 
which  principally  govern  the  development  and  activities  of  the  primary  sex 
organs,  the  gonads.  The  second  general  group  comprises  those  hormones,  of 
gonadal  or  other  origin,  which  typically  regulate  the  male  and  female  sec- 
ondary and  accessory  sex  characters  of  the  body  and  exercise  a  control  over 


Endocrine  Mechanisms  741 

the  sexual  and  reproductive  impulse  and  behavior.  These  latter  hormones 
are  known  as  the  gonadal  hormones  and  include  the  androgens,  estrogens, 
and  progestins.  A  third  group  we  shall  call  the  lactogens.  These  hormones, 
of  pituitary  origin,  are  essential  to  the  secretion  of  milk  by  the  crop  glands 
of  pigeons  and  by  the  mammae  of  mammals  and  probably  are  influential  in 
determining  maternal  behavior. 

Gonadotropins.  It  has  been  known  for  some  years  that  pituitary  deficiency 
or  hypophysectomy  in  the  mammal  results  in  an  atrophy  of  the  gonads  and 
certain  accessory  genital  structures,  and  that  these  changes  can  be  reversed 
by  pituitary  implants  or  extract  injections.  The  gonadotropins  to  which 
these  influences  of  the  pituitary  are  due  always  exhibit  the  common  prop- 
erties of  proteins.  Factors  which  destroy  protein  structure  effectively  inactiv- 
ate these  hormones.  It  would  therefore  appear  that  the  gonadotropins  are 
themselves  proteins  or  consist  of  a  prosthetic  group  intimately  associated  with 
a  protein  to  which  the  specific  activities  of  the  hormones  are  due. 

The  anterior  lobe  of  the  pituitary  is  the  principal  source  of  gonadotropins. 
From  this  site  arise  two  gonadotropins,  the  follicle-stim-ulating  hormone  or 
FSH,  and  the  luteinizing  hormone  or  LH.  Another  gonadotropin,  called 
chorionic  gonadotropin,  is  known  to  arise  not  from  the  pituitary  but  from 
the  placenta  and  to  resemble  LH  rather  closely  in  function.  The  bulk  of 
the  evidence  at  hand  suggests  very  strongly  that  these  three  gonadotropins 
are  three  different  compounds. 

In  the  absence  of  gonadotropins,  such  as  normally  accompanies  hypophy- 
sectomy, the  ovary  shows  an  arrest  of  development  in  young  animals  and 
a  reduction  in  size  in  adults.  In  the  latter  instances  existing  follicles  become 
atretic.  FSM  in  excess,  on  the  other  hand,  vv^ill  stimulate  the  simultaneous 
maturation  of  an  excessive  number  of  follicles.  In  some  mammals,  such  as 
the  rabbit,  ferret,  etc.,  ovulation  from  mature  follicles  occurs  only  after  mat- 
ing or  after  some  other  effective  stimulus.  Such  stimulation  is  known  to  in- 
duce the  liberation  of  LH,  which  causes  the  ovulation.  In  other  mammals, 
including  the  human,  no  special  stimulation  of  the  accessory  complex  is  es- 
sential to  induce  ovulation.  In  all  mammals  LH  is  normally  responsible  for 
the  formation  of  corpora  lutea  in  the  ruptured  follicles. 

The  gonadotropins  are  not  sex  specific.  They  regulate  the  activity  of  the 
testis  as  well  as  of  the  ovary.  Removal  of  the  pituitary  in  the  male  results  in 
an  arrest  of  testicular  function  and  reduction  in  size  of  the  testis.  Activity  of 
the  testes  can  be  maintained  in  hypophysectomized  individuals  by  pituitary 
im.plants  or  extract  injection.  Many  mammals  which  breed  only  at  certain 
sharply  delimited  periods  of  the  year  may  have  their  testes  rendered  unsea- 
sonably active  by  treatment  with  gonadotropins.  This  has  been  demonstrated 
for  such  species  as  the  ground  squirrel,  Citellus,  and  the  alpine  marmot, 
Marmota.  After  the  mating  season  in  such  species  the  testes  normally  recede 
into  the  abdomen  and  spermatogenesis  ceases.  Administration  of  pituitary 
gonadotropin,  or  even  chorionic  gonadotropin,  found  normally  only  in  preg- 
nant females,  will  reverse  these  processes  at  any  season. 

An  enlargement  of  the  ovaries  of  the  horned  lizard,  Phrynosoma,  has  been 
obtained  by  FSH  and  LH  from  hog  pituitary  and  by  serum  from  pregnant 
mares.-^^ 

Female  frogs  and  toads  may  be  induced  to  ovulate  at  any  time  of  the 
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year,  except  immediately  after  an  egg-laying  period,  by  injection  of  mac- 
erated anterior  lobe  of  the  pituitary.^^^'  ^^^'  ^^^'  ^^^'  Preparations  of  pituitaries 
from  females  are  about  twice  as  effective  as  those  from  males.  The  ovula- 
tion, which  will  occur  between  the  second  and  fourth  days,  includes  rup- 
ture of  the  follicles  and  expulsion  of  the  eggs  by  contraction  of  smooth  mus- 
cle fibers  in  the  follicle  wall.  Injection  of  pituitary  extract  into  male  frogs  in- 
duces amplexus..  These  sex  reactions  in  amphibians  may  also  be  induced  by 
pituitary  extracts  from  other  amphibians,  from  fishes, ^'^^  mammals,^^'*  or 
may  even  occur  in  response  to  antuitrin-S  from  pregnancy  urine. 

Premature  spawning  has  been  induced  in  several  species  of  fishes  after 
injection  of  fresh  pituitary  glands  from  other  fishes.  The  ovoviviparous  fish 
Cnasterodon  was  caused  to  spawn  more  than  two  weeks  before  the  normal 
time  after  treatment  with  pituitaries  from  Micropagon  and  Luciofimelodus.^'- 
The  Brazilian  species,  Pimelodus"^^  and  Prochilodus,^^^  which  normally 
spawn  after  the  heavy  rains  that  in  Brazil  follow  a  long  period  of  drought, 
were  induced  to  produce  eggs  and  sperm  during  the  period  of  drought 
within  1  to  3  days  after  an  intramuscular  injection  of  pituitaries  from  these 
same  species.  Rainbow  and  brown  trout,  Salmo  gairdnerii  and  S.  fario,  in 
Wisconsin,  were  caused  to  produce  mature  eggs  and  sperm  6  to  7  weeks 
before  the  normal  spawning  season  by  intraperitoneal  injections  of  fresh  or 
acetone-dried  pituitary  glands  from  the  carp.'^^  FSH  from  sheep  and  serum 
from  pregnant  mares  were  without  such  effect.  Increase  in  size  of  the  ovo- 
cytes and  ovaries  of  the  lamprey,  Petromyzon,  and  precocious  sexual  ma- 
turity were  observed  after  treatment  with  human  pregnancy  urine. *'^'  ^^ 
Hypophysectomy  in  the  killifish,  Fundulus,  is  followed  by  regressive  changes 
in  the  ovaries  and  testes,  compared  with  controls. ^^^  When  the  gland  is  re- 
moved in  the  autumn  the  gonads  fail  to  undergo  their  normal  spring  en- 
largement. Furthermore,  implantation  of  adult  pituitaries  at  3  day  inter- 
vals into  immature  Fundulus  induces  within  4  weeks  a  considerable  degree 
of  gonadal  activation  in  both  sexes,  together  with  production  of  secondary 
sexual  pigmentary  changes  in  the  males  characteristic  of  the  breeding  sea- 
son."2 

Gonadal  Hormones.  Hormones  arising  in  the  gonads  regulate  the  male  and 
female  characters  of  the  body.  They  stimulate  the  development  and  activ- 
ity of  the  accessory  reproductive  organs,  and  control  the  sexual  behavior  of 
the  animal.  Although  the  influences  of  these  hormones  are  basically  similar 
among  all  vertebrates  there  is  considerable  difference  among  species,  and 
even  among  individuals,  as  to  their  detailed  actions. 

There  are  three  types  of  gonadal  hormones,  androgens,  estrogens,  and 
progestins,  all  three  types  being  elaborated  by  both  sexes.  The  chief  sources 
of  these  hormones,  as  the  name  gonadal  hormones  implies,  are  the  ovaries 
and  testes,  although  other  organs  such  as  the  placenta  and  adrenals  may 
also  contribute  significant  quantities.  All  the  naturally  occurring  gonadal 
hormones  possess  a  steroid  nucleus,  but  recent  studies  of  active  synthetic 
substances  appear  to  indicate  that  their  activities  do  not  depend  on  this  struc- 
ture. 

The  androgens  mainly  regulate  the  development  and  activities  of  those  ac- 
cessory reproductive  structures  functionally  important  in  the  male.  The  es- 
trogens are  mainly  concerned  with  the  development  and  activity  of  those 
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structures  functionally  important  in  the  female.  The  progestins  function  pri- 
marily in  providing  adequately  for  the  intimate  relationship  between  the 
parent  and  developing  young.  The  principal  naturally  occurring  substance 
in  each  class  is:  (1)  androgen— testosterone;  (2)  estrogen— estradiol;  and 
(3)  progestin— progesterone,  which  have  the  chemical  structures  shown. 

CH, 
OH  OH  C=0 


c/V\/ 


Testosterone 


Estradiol 


Progesterone 


Just  as  these  three  classes  of  hormones  show  a  basic  similarity  to  one  an- 
other in  their  chemical  organization,  so  is  there  also  considerable  functional 
overlapping,  and,  in  many  instances,  a  ready  conversion  within  the  body 
from  one  tvpe  to  another.  These  facts  have  made  the  acquisition  of  knowl- 
edge of  their  normal  function  somewhat  difficult. 

ANDROGENS.  Androgen  is  a  term  used  to  describe  all  those  compounds 
whose  biological  actions  resemble  in  general  those  of  testosterone.  The  pri- 
mary function  of  androgens  is  to  stimulate  the  development  and  activity  of 
the  male  accessory  reproductive  organs.  They  are  also  responsible  in  part 
for  differences  in  the  conformation  of  the  male  body,  the  lower  pitch  of  the 
human  male  voice,  the  characteristic  distribution  of  hair,  male  pugnacious 
assertiveness,  and  many  special  male  secondary  sex  characteristics  such  as 
the  swollen  clasping  digits  of  the  male  frog,  the  comb  of  the  cock,  the  crest 
of  the  newt,  and  the  nuptial  coloration  and  gonopodal  appendages  of  cer- 
tain viviparus  fishes.  Many  of  these  are  characters  the  presence  of  which  is 
largely  restricted  to  the  breeding  season. 

The  various  androgens  differ  from  one  another  in  their  overall  potency 
and  their  relative  effects  on  the  numerous  individual  characters  within  the 
body  and  these  differences  in  turn  may  vary  from  species  to  species.  This 
complicates  greatly  the  problem  of  the  roles  of  androgens  within  the  body. 

The  testes  comprise  the  principal  sources  of  androgens;  the  principal  one 
is  testosterone.  This  organ,  furthermore,  shows  the  capacity  to  extract  less 
potent  androgens  from  the  circulating  blood  and  convert  them  to  substances 
of  increased  potency.  Numerous  observations  have  indicated  the  interstitial 
glandular  cells  to  be  the  specific  source.  Reduction  or  disappearance  of  the 
seminal  epithelium  following  x-radiation,  ligation  of  the  vasa  efferentia,  or  in 
cryptorchidism  has  been  reported  to  cause  no  atrophy  of  the  interstitial 
glandular  tissue  and  no  loss  of  androgenic  potency.  In  the  newt,  Triton 
cristatus,  there  is  no  interstitial  glandular  tissue  in  the  testes  until  the  ap- 
proach of  the  breeding  season.    At  this  time  certain  portions  of  the  semin- 
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iferous  epithelial  tissue  become  transformed  to  produce  a  glandular  body, 
and  this  transformation  is  temporally  associated  with  the  differentiation  of 
the  characteristic  seasonal  secondary  sexual  adornments  in  the  male.  De- 
struction of  this  glandular  tissue  is  the  equivalent  of  total  castration  in  pre- 
venting development  of  these  characters.  In  the  stickleback,  Gasterosteus, 
there  is  very  close  correlation  between  the  annual  cycle  of  differentiation  of 
interstitial  glandular  cells  and  the  cycle  of  secondary  sex  characters  and  be- 
havior such  as  skin-coloration,  secretion  of  nest-building  mucus,  and  mating 
behavior.  The  latter  characteristics  in  this  species,  on  the  other  hand,  show 
no  relationship  to  amount  of  spermatogenic  activity.  That  the  seminal  epithe- 
lium is  not  a  significant  source  of  androgen  has  also  been  demonstrated  by 
removal  of  the  greater  part  of  the  testes  of  cocks  and  assay  of  these  organs 
after  regeneration.  The  regenerated  organs  are  principally  seminal  epithelial 
tissue  with  a  great  paucity  of  interstitial  tissue,  and,  correspondingly,  there  is 
evidence  of  only  little  androgen  production  by  such  organs. 

These  and  numerous  other  experiments  indicate  that  the  interstitial  gland 
ular  cells  are  the  points  of  origin  of  testicular  androgens. 

Androgens  are  also  produced  by  organs  other  than  the  testes.  Male  acces- 
sory reproductive  structures  have  been  maintained  in  full  functional  activity 
in  castrated  specimens  by  grafted  ovarian  tissue.  Among  fowl,  the  combs 
of  both  the  cock  and  the  hen  are  stimulated  by  androgens.  The  ovaries  of 
the  hen  normally  produce  enough  androgen  to  maintain  a  certain  degree  of 
development  of  the  comb;  after  ovariectomy  there  is  atrophy  of  the  comb. 
The  seasonal  yellowing  of  the  bills  of  both  male  and  female  starlings  and 
blackening  of  the  bills  of  male  and  female  English  sparrows  are  responses 
to  androgens,  estrogens  being  ineffective  in  this  respect.  Black-crowned  night 
herons  show,  during  the  breeding  season,  certain  changes  in  plumage  colora- 
tion common  to  both  sexes,  an  effect  due  to  androgens.  Many  observations 
such  as  the  foregoing  establish  decisively  the  ovaries  as  a  site  of  androgen 
production. 

Another  source  of  androgens  is  the  adrenal  gland.  Implantation  of  adrenal 
tissue  in  young  cocks  results  in  precocious  development  of  male  sex  char- 
acters and  behavior.  Castration  of  young  rats  does  not  result  in  atrophy  of 
accessory  genital  structures  for  many  days  unless  there  is  simultaneously 
complete  adrenalectomy.  Androgens  are  still  excreted  in  the  urine  of  ani- 
mals after  castration.  Extracts  of  adrenal  tissue  have  been  found  to  yield  the 
androgens  adrenosterone  and  desoxycorticosterone,  the  latter  ha\'ing  an  ac- 
tivity about  the  equivalent  of  that  of  androsterone,  and  the  former  having 
activity  of  about  one  fifth  of  this  value. 

There  is  little  evidence  of  any  significant  storage  of  androgens  in  the  body. 
They  are  usually  rapidly  destroyed  and  therefore  must  be  constantly  pro- 
duced if  their  influence  is  to  be  maintained.  Certain  poeciliid  fishes^ ^^  can 
be  treated  with  androgens  for  only  a  few  hours  but  the  activity  of  the  andro- 
gens continues  for  many  days.  This  observation  appears  to  indicate  either  an 
actual  or  an  effective  storage  within  the  body.  The  pigmented  fat-body  of 
the  hibernating  woodchuck,  the  so-called  hibernating  gland,  has  a  remark- 
ably high  androgen  content.  The  androgens  are  inactivated  principally  in  the 
liver.  The  androgenic  activity  of  blood  leaving  the  liver  is  much  less  than 
that  of  blood  entering  this  organ.  Products  of  the  inactivation  arc  both  in- 
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active  substances  and  androgens  of  somewhat  lower  activity,  such  as  andro- 
sterone.  Estrogens  are  also  commonly  produced  in  the  process.  These  prod- 
ucts of  metabolic  conversion  are  excreted  by  the  kidney. 

The  relation  of  androgens  to  the  development  of  the  characteristic  male 
suspensor  organs,  gonopodia,  and  to  the  smaller  body  size  in  male  poeciliid 
fishes  has  been  carefully  analyzed.^^^  Castration  of  males  during  the  meta- 
morphosis of  the  anal  fin  into  a  gonopodium  results  in  immediate  cessation 
of  the  process.  Application  of  androgenic  hormones  to  castrated  males  or  to 
normal  females  can  induce  full  development  of  the  male  characters  which 
are  typical  of  the  species.  It  has  been  shown  that  progressively  larger  con- 
centrations of  hormones  are  required  for  consecutive  steps  in  the  develop- 
ment of  the  gonopodium,  with  a  concentration  of  one  part  of  hormone  in 
4.2  X  10^**  parts  of  water  being  sufficient  to  induce  the  first  step.  The  gono- 
podium normally  develops  under  the  influence  of  a  gradually  increasing  con- 
centration in  the  blood  of  androgen  from  the  fish's  own  testes.  A  certain  op- 
timum concentration  is  required  for  normal  development  of  each  step,  higher 
concentrations   inhibiting   growth   and   inducing   precocious   differentiation. 

ESTROGENS.  Estrogen  is  a  term  applied  to  any  substance  which  will  pro- 
duce the  characteristics  of  normal  estrus,  including  cornification  in  the  vagina, 
in  an  adult  mouse.  The  estrogens  include  a  number  of  naturally  occurring 
compounds  which  differ  slightly  from  one  another  chemically  and  in  ef- 
fectiveness: estradiol,  estrone,  estriol,  equilenin,  and  equilin.  The  princi- 
pal functions  of  the  estrogens  are  to  stimulate  the  growth  and  functioning 
of  those  accessory  reproductive  organs  which  are  characteristically  female, 
to  contribute  to  the  production  of  the  conformation  of  the  body  which  ren- 
ders it  typically  female,  including  the  characteristically  smaller  size  for  such 
species  as  man,  and  to  influence  in  a  characteristic  manner  the  psychology 
and  behavior  of  the  organism. 

The  exact  source  of  estrogen  within  the  ovary  is  still  the  subject  of  con- 
siderable controversy.  Earlv  observations  that  the  follicular  fluid  was  rich  in 
estrogen  led  to  the  hypothesis  that  the  granulosa  cells  were  the  sites  of 
estrogen  formation.  This  view  has  been  supported  by  demonstration  that 
these  cells  contain  estrogen.  However,  destruction  of  the  follicles  by  x-ray 
does  not  deprive  the  ovary  of  its  estrogen-producing  capacity  under  the  in- 
fluence of  gonadotropins.  After  intensive  treatment  with  x-radiation,  the 
ovary  comes  to  consist  of  little  other  than  interstitial  tissue.  Gonads  of  fetal 
horses  before  follicle  formation  have  proved  rich  in  estrogens.  There  appears 
therefore  to  be  convincing  evidence  that  interstitial  tissue,  including  the 
thecal  cells,  produces  the  hormone,  and  that  there  is  also  a  possibility  that 
the  granulosa  and  luteal  cells  manufacture  it.  It  is  often  difficult  to  establish 
that  a  substance  is  actually  formed  within  a  tissue  in  which  it  is  found,  in- 
stead of  arriving  there  secondarily. 

The  placenta,  both  the  maternal  and  the  embryonic  portion,  contains 
abundant  estrogen  of  much  the  same  character  as  ovarian  estrogen.  Further- 
more, oophorectomy  in  certain  pregnant  mammals  does  not  result  in  signifi- 
cant change  in  the  term  of  pregnancy  or  in  any  permanent  reduction  in  the 
amount  of  estrogens  excreted  in  the  urine.  In  such  cases  the  symphyses  also 
become  separated  normally,  a  change  ordinarily  conditioned  by  joint  action 
of  estrogen  and  progestin. 
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Estrogens  are  also  produced  by  the  testes  of  males.  In  fact  the  tissue  with 
the  highest  known  estrogen  yield  is  the  stallion  testis,  in  which  estrone  is 
the  substance  present.  The  testicular  source  appears  to  be,  as  for  the  andro- 
gens, the  interstitial  glandular  cells.  Estrogens  have  also  been  extracted  from 
the  adrenals. 

Estrogens  are  very  rapidly  inactivated  in  the  living  body.  Studies  on  the 
relation  between  site  of  transplantation  of  ovarian  tissue  and  the  physio- 
logical actions  of  the  implants  indicate  the  liver  to  be  the  principal  site  of 
destruction.  Estrogen-containing  blood  passing  through  the  liver  reappears 
largely  free  of  active  concentrations  of  the  hormone.  Destruction  of  hepatic 
cells  by  carbon  tetrachloride  permits  the  hormone  titer  in  the  blood  to  rise 
with  expected  effects  on  estrus  of  the  animal.  Liver  slices  inactivate  estradiol 
in  vitro  through  the  action  of  some  CN-sensitive  mechanism.  Progestin,  on 
the  other  hand,  diminishes  the  rate  of  estrogen  inactivation  and  thus  permits 
a  higher  titer  to  be  maintained  in  the  blood,  from  which  much  is  then  able 
to  escape  into  the  urine. 

The  kidneys  and  liver  are  the  principal  organs  of  estrogen  excretion,  al- 
though the  relative  importance  of  the  two  organs  is  not  yet  known. 

The  organ  and  tissue  changes  induced  by  estrogens  are  characterized  by 
large  variations  in  degree  of  responsiveness  of  the  different  cells  and  tissues 
to  the  hormone,  thereby  giving  rise  to  gradients  of  response.  Also  character- 
izing the  responses  is  a  very  high  degree  of  reversibility  of  the  changes  when 
the  concentration  of  the  hormone  declines.  Such  reversibility  of  the  changes 
is  most  evident  in  many  of  the  secondary  and  accessory  sex  character  changes 
paralleling  the  reproductive  cycles  in  many  species. 

As  with  the  androgens,  the  specific  threshold  and  character  of  the  re- 
sponses are  determined  by  the  inherent  cellular  characters,  as  can  be  seen  in 
the  unchanged  character  of  the  response  as  the  individual  tissues  are  trans- 
planted to  novel  sites  within  the  body.  The  relation  of  the  response  to  the 
genetic  constitution  of  the  species  is  seen  in  reciprocal  transplantations  of 
feather-bearing  skin  between  the  sexes  in  fowl,  resulting  in  the  characteristic 
feather  types  for  the  host  sex. 

PROGESTINS.  The  progestins  include  all  those  compounds  exhibiting  an 
action  on  the  organism  like  that  produced  by  progesterone.  These  substances 
are  concerned  primarily  with  those  changes  in  the  organism  associated  with 
pregnancy  and  parturition.  The  chief  sources  of  progestin  are  the  i  corpora 
lutea  of  the  ovary.  The  source  would  therefore  appear  to  be  cells  derived 
from  the  granulosal  layer  of  the  follicle,  although  some  investigators  believe 
that  thecal  tissue  participates  in  lutea  formation.  It  is  possible  that  other  cells 
of  the  ovary  also  contribute  progestins,  with  perhaps  the  same  cells  which 
at  other  times  produce  estrogens  gradually  becoming  transformed  in  the  re- 
productive cycle  to  liberate  progestins. 

Progestins  are  also  produced  in  the  adrenals.  Not  only  has  progesterone 
been  demonstrated  in  this  organ,  but  desoxycorticosterone  also  acts  as  a  pro- 
gestin. Extracts  of  adrenals  can  produce  typical  progestational  alterations  in 
the  uterus  in  rabbits  if,  as  a  preliminary,  they  are  treated  with  estrogen. 

The  placenta  is  an  important  natural  source  of  progesterone.  In  the  mam- 
mal the  placenta  is  believed  normally  to  take  over  after  a  time  the  major 
share  of  production  of  the  normal  progesterone  of  pregnancy.  Even  after  the 
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total  removal  of  the  ovaries  of  pregnant  rats  sufficient  progestin  is  liberated 
from  the  placentae  to  carry  the  animals  to  normal  terms.  In  man  this  change- 
over of  control  from  corpora  lutea  to  placenta  is  considered  to  occur  between 
the  79th  and  the  90th  day  of  pregnancy. 

Progestins  are  not  stored  in  the  body;  they  disappear  very  rapidly  from 
the  blood.  Injection  of  progesterone,  or  the  normal  production  of  this  hor- 
mone, is  followed  by  the  appearance  of  corresponding  amounts  of  a  rela- 
tively inert  alcohol,  pregnanediol,  in  the  urine.  The  preponderance  of  evi- 
dence points  to  the  progestational  endometrium  of  the  uterus  as  the  prin- 
cipal organ  concerned  in  this  conversion,  which  is  principally  in  evidence  in 
the  progestational  phases  of  the  sexual  cycle  and  usually  ceases  on  hyster- 
ectomy. Furthermore,  it  is  greatly  reduced  by  injections  of  estradiol,  which 
is  known  to  suppress  the  progestational  condition.  That  the  progestational 
endometrium  is  not  the  sole  site  of  the  conversion  is  seen  in  the  excretion  of 
pregnanediol  in  males,  and  occasionally  in  females  after  hysterectomy. 

The  corpora  lutea  which  are  formed  from  the  follicles,  either  without 
ovulation,  as  in  the  case  of  atretic  follicles,  or  after  ovulation,  vary  consid- 
erably in  the  extent  of  their  development.  Their  greatest  development  ac- 
companies gestation;  lesser  development  is  associated  with  lactation  and 
pseudo-pregnancy  and  the  typical  corpora  lutea  of  ovulation  are  still  smaller. 
The  corpora  lutea  are  dependent  for  their  development  on  a  supply  of  LH 
from  the  pituitary.  Mammals  appear  to  vary  considerably  in  their  need  for 
external  stimuli  to  encourage  the  necessary  production  of  LH.  An  adequate 
stimulus  has  been  shown  to  be  copulation  in  the  case  of  the  rabbit.  Suckling 
and  lactation  have  been  shown  to  stimulate  its  production  in  the  rat,  and 
psychic  stimuli,  such  as  the  mere  presence  of  a  second  individual,  have  been 
found  effective  in  such  animals  as  the  pigeon  and  the  rabbit.  That  the  last 
stimulus  is  visual,  at  least  for  the  pigeon,  is  demonstrated  by  the  fact  that 
a  mirror  image  is  often  sufficient  to  produce  the  effect. 

While  all  investigators  are  agreed  that  LH  is  essential  for  the  initial  de- 
velopment of  the  corpora  lutea,  there  is  much  controversy  as  to  the  endocrine 
factors  participating  in  the  maintenance  of  these  bodies.  There  appears  to 
be  good  evidence  from  a  number  of  types  of  experiments  that  the  absence  of 
FSH  contributes  significantly  to  their  maintenance,  and  that  LH  is  non- 
essential. Gonadal  hormones  assist  in  their  maintenance,  probably  through 
a  suppression  of  FSH  liberation  by  the  pituitary.  Comparison  of  experiments 
in  which  the  embryos  have  been  removed,  leaving  the  placenta  in  situ,  with 
those  in  which  the  placentae  as  well  are  excised,  clearly  demonstrates  that 
the  latter  organs  yield  hormonal  material  which  can  operate  to  maintain  the 
corpora  lutea.  These  results  also  appear  capable  of  interpretation  in  terms  of 
suppression  of  FSH  production  by  placentally-derived  gonadal  hormones 
That  still  other  factors  may  contribute  to  the  total  explanation  is  seen  in  the 
observation  that  the  corpora  lutea  may  be  maintained  even  after  complete  re- 
moval of  the  fetuses  and  placentae,  provided  the  uteri  are  kept  distended  by 
such  inert  bodies  as  pellets  of  paraffin  wax. 

The  presence  of  corpora  lutea,  at  least  among  the  higher  vertebrates,  ap- 
pears to  be  associated  with  viviparity.  They  are  said  to  be  absent  in  birds 
and  oviparous  reptiles,  but  present  in  certain  pregnant  viviparous  snakes, 
such  as  Crotolus  and  Bothwps. 
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Relaxin.  Relaxin,  a  non-steroidal  substance,  insoluble  in  fat  solvents,  is 
found  within  the  corpora  lutea  and  can  be  isolaied  from  the  blood  of  preg- 
nant rabbits.  It  is  capable  of  relaxins^  markedly  the  pelvic  girdle  of  a  guinea 
pig  in  6  to  12  hours  after  a  single  injection.  Piogesterone  and  estradiol  induce 
the  secretion  of  relaxin  in  female  rabbits  unless  they  are  castrated  and  hys- 
terectomized. The  latter  observations  indicate  these  organs  to  be  essential  to 
this  response  to  the  gonadal  hormones. 

Lactogenic  Hormones.  The  production  of  milk  is  an  adaptation  of  all 
mammals  and  such  birds  as  the  pigeon  for  postpartum  nutrition  of  their 
young.  Hence  it  is  not  surprising  to  find  that  there  is  a  considerable  influ- 
ence of  gonadal  hormones  on  milk-producing  glands  of  the  organism.  The 
mammary  glands  of  the  mammalian  fetus  become  enlarged  under  the  influ- 
ence of  the  hormonal  complex  of  the  maternal  blood  supply,  but  regress  on 
parturition  and  typically  remain  so  until  sexual  maturity,  when  the  animal's 
own  hormonal  supply  becomes  adjusted  for  their  development.  The  mammae 
of  some  mammals,  such  as  the  monkey,  Macacus,  develop  fully  under  the 
administration  of  estrogens  alone.  Other  species,  such  as  the  rabbit,  require 
administration  of  both  estrogens  and  progestins  for  similar  development. 
Since  in  many  species  mammary  growth  cannot  be  induced  by  the  foregoing 
hormones  after  hypophysectomy  it  would  appear  that  at  least  one  additional 
substance,  a  lactogen  from  the  pituitary,  is  also  essential  to  normal  mammary 
development. 

Whatever  the  nature  of  the  hormonal  complex  required  for  the  normal 
development  of  the  mammary  glands,  it  is  clearly  evident  that  lactogen 
from  the  pituitary  is  essential  to  stimulate  the  actual  secretion  of  milk.  This 
principle  in  the  mammal  has  been  called  galactogen  or  prolactin,  although 
some  investigators  prefer  to  restrict  the  latter  term  to  the  analogous  prin- 
ciple in  the  pigeon,  which  stimulates  the  production  of  pigeon's-milk  by 
the  crop  gland.  Lactating  mammary  glands  cease  activity  at  once  after  hypo- 
physectomy, but  may  be  maintained  by  administration  of  lactogen  and 
either  adrenotropin  or  extracts  of  the  adrenal  cortex.  Normal  adrenal  func- 
tioning is  thus  also  essential  to  continued  lactation. 

In  the  normal  regulation  of  lactation  it  is  generally  believed -that  the  estro- 
gens present  in  large  amounts  during  gestation  inhibit  lactogen  liberation. 
With  the  disappearance  of  the  estrogens  on  parturition  the  lactogen  appears 
in  the  blood.  Strongly  supporting  this  hvpothesis  is  the  well  known  observa- 
tion that  injection  of  estrogens  will  rapidly  terminate  mammary  secretion. 
The  stimulus  of  suckling,  through  some  neural  mechanism,  seems  also  to 
stimulate  the  liberation  of  lactogen,  at  least  in  many  species. 

Control  of  Reproductive  Cycles  and  Behavior.  The  pituitary  gland, 
through  the  production  of  gonadotropins,  is  the  principal  endocrine  organ 
through  which  reproductive  activities  are  governed.  We,  therefore,  with 
reason,  look  to  a  study  of  factors  controlling  this  organ  to  supply  us  with 
fundamental  information  as  to  the  mechanism  of  control  of  reproductive 
rhythms  and  adaptive  reproductive  responses  of  the  organism  to  its  external 
environment. 

The  pituitaries  of  young  mammals  are  bipotential  organs  which  normally 
develop  into  either  a  male  or  female  type,  under  the  influence  of  the  par- 
ticular gonad  present.  The  gland  is  typically  a  relatively  larger  organ  in  the 
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adult  female  than  in  the  male.  Both  female  and  male  pituitaries  normally 
produee  FSH  and  LH  in  relatixely  large  amounts.  The  primary  difference 
hetvveen  male  and  female  pituitaries  is  one  of  cycle  differences.  Oyarian 
implants,  but  not  testis  implants,  suppress  FSH  production  by  the  adult 
pituitary  in  castrated  females;  in  castrated  males  only  testis  implants  will 
suppress  FSH  production.  Thus,  the  adult  pituitary  is  differentiated  into 
differently  responding  male  and  female  types,  in  contrast  vyith  its  sexually  in- 
different condition  in  nevy-born  mammals. 

During  the  growth  of  a  young  mammal  there  is  a  gradual  increase  in  the 
production  of  gonadotropins  up  to  the  time  of  sexual  maturity,  when  the 
gonads  are  consequently  brought  to  their  completely   functional  state  and 
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Fig.  283.   Diagrain  representing  the  major  endocrine  influences  operating  during  the 
normal  reproductive  cycle  of  the  adult  female  mammal. 


Fig.  284.   Diagram  representing  the  major  endocrine  influences  operating  during  the 
normal  reproductive  cycle  of  the  adult  male  mammal. 

their  estrogens  and  androgens  contribute  to  the  full  differentiation  of  the 
secondary  and  accessory  sexual  characteristics.  The  animal  is  now  capable  of 
normal  reproductive  activity.  This  is,  in  the  vertebrates,  typically  a  cyclical 
phenomenon  with  the  periodicity  often  correlated  with  the  annual  solar 
cycle  in  such  an  adapti'/e  fashion  as  to  assure  the  young  of  a  favorable  time 
of  year  for  birth  and  early  postnatal  development.  In  some  species  the  re- 
productive periodicity  bears  much  less  or  no  relationship  to  external  en- 
vironmental stimuh  and  appears  to  result  from  a  wholly  inherent  rhythmical 
mechanism,  as  in  the  case  of  the  rat,  mouse,  man,  etc. 
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A  vast  amount  of  research  has  been  done  on  the  contributions  of  the 
interactions  of  endocrine  sources  to  the  maintenance  of  the  normal  cycles 
of  mammals.  The  endocrine  actions  and  interactions  of  the  major  organs 
participating  in  the  normal  reproductive  cycles  are  indicated  for  the  female 
mammal  in  Figure  283,  and  for  the  male  in  Figure  284. 

In  the  female  the  pituitary,  through  FSH  production,  stimulates  the  de- 
velopment of  the  ovarian  follicles  and  interstitial  tissues,  with  a  consequent 
increase  in  estrogen  production.  The  rising  concentration  of  estrogen  in  the 
blood  mimics  FSH  and  furthers  the  ovarian  development.  At  the  same  time 
the  estrogen  gradually  suppresses  FSH  production  by  the  pituitary  while 
at  hrst  strongly  encouraging  LH  liberation  by  the  pituitary.  Over  a  longer 
period  estrogen  suppresses  LH  liberation.  LFl  liberated  from  the  pituitary 
stimulates  ovulation  in  many  mammals,  and  in  all  it  stimulates  the  diflFeren- 
tiation  of  corpora  lutea  with  the  subsequent  production  by  them  of  progester- 
one. Some  investigators,  notably  Astwood,  believe  that  LH  simply  induces 
differentiation  of  the  corpora  lutea,  an  additional  pituitary  principle,  luteo- 
tropin,  being  needed  for  stimulating  the  actual  secretion  of  progesterone. 
Luteotropin  is  claimed  to  show  many  properties  very  similar  to  the  lacto- 
genic principle  and  mav,  in  fact,  be  identical  with  it.  Progesterone  cooper- 
ates with  estrogen  in  the  further  suppression  of  the  production  of  FSH  by 
the  pituitary.  In  case  of  pregnancy,  the  placentae  of  the  developing  em- 
bryos are  activated  in  the  presence  of  progesterone  and  proceed  to  liberate 
substantial  amounts  of  chorionic  gonadotropin  the  activity  of  which  very 
closely  resembles  that  of  pituitary  LH.  This  gonadotropin  contributes  to  the 
suppression  of  production  of  both  pituitary  gonadotropins  through  its  stim- 
ulation of  greater  gonadal  hormone  production. 

The  corresponding  endocrine  interactions  participating  in  the  male  re- 
productive cycle  are  relatively  much  simpler.  Gonadotropin  from  the  pitui- 
tary activates  the  interstitial  and  spermatogenic  tissues  of  the  testes,  with  the 
resultant  increase  in  testosterone  production  in  the  former.  This  androgen 
simultaneously  stimulates  further  development  of  the  spermatogenic  epithe- 
lium and  facilitates  the  influences  of  both  FSH  and  LH.  As  the  blood  titer 
of  androgen  gradually  rises  this  hormone  suppresses  pituitary  gonadotropin 
production.  The  decline  of  androgen  production  after  pituitary  suppression 
eventuallv  leaves  the  latter  free  to  initiate  a  new  cycle  of  reproductive  ac- 
tivity. 

In  a  few  species  there  tends  to  be  an  annual  reproductive  period  at  a  par- 
ticular season  of  the  year,  without  any  regard  to  any  particular  factor  of  the 
external  environment.  Such  an  operation  of  an  inherent  rhvthm  has  been 
clearly  demonstrated  for  certain  organisms  which  continue  to  breed  indefi- 
nitely during  the  same  calendar  months  after  transfer  from  the  northern  to 
the  southern  hemisphere,  or  vice  versa.  Other  species  on  similar  transfer 
more  or  less  rapidly  undergo-  a  readjustment  of  their  breeding  period  to  the 
corresponding  season  for  their  new  locality.^""  The  readiness  with  which 
the  organism  makes  such  an  adjustment  is  obviously  a  function  of  the  rela- 
tive degree  to  which  the  breeding  cycle  depends  on  external  factors. 

Of  all  the  external  stimuli  known  to  exert  an  influence  on  reproductive 
cycles,  one  of  the  most  definitely  influential  so  far  demonstrated  is  light  and 
photoperiodism.*'-    Among  certain  north  temperate  zone  birds  it  has  been 
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shown  that  the  testis  of  the  male  normally  reaches  a  peak  of  its  annual  cycli- 
cal activity  in  the  late  spring.  Experiments  on  male  juncos,  sparrows,  and 
starlings  have  clearly  shown  that  gradual  increase  in  length  of  the  daily  pe- 
riod of  illumination  through  supplementary  artificial  lighting  will  bring  the 
activity  of  the  testes  to  a  maximum  at  a  time  not  typical  for  the  species 
Properly  controlled  experiments  have  shown  that  it  is  the  light  itself  rather 
than  the  resulting  longer  daily  periods  of  activity  or  feeding  which  is  the 
actual  determining  factor.  A  similar  subjection  to  increased  periods  of  il- 
lumination over  a  period  of  about  two  months  has  been  found  to  bring  fe- 
male ferrets  into  estrus  in  winter,  a  time  at  which  in  their  normal  reproduc- 
tive cycle  they  are  in  anestrus.-^  Similar  observations  have  been  made  on 
mice  CPeromyscus^.^^'''  Among  the  fishes  the  reproductive  cycle  of  the  trout 
has  also  been  shown  to  be  importantly  influenced  by  photoperiodism."^^ 

In  the  field  mouse,  Microtus,  the  gonads  have  been  shown  to  diminish  in 
size  during  treatment  of  the  animal  with  gradually  decreasing  periods  of  il- 
lumination.^^ 

Such  experiments  as  these  appear  to  indicate  that  the  gradual  changes  in 
day-length  in  the  annual  solar  cycle  constitute  a  very  effective  stimulus  in 
determining  the  normal  annual  reproductive  cycles  of  many  species  of  verte- 
brates. 

In  the  immature  duck  whose  gonads  are  normally  stimulated  by  increased 
illumination,  it  has  been  shown  that  pituitaries  from  illuminated  specimens 
show  increased  gonadotropic  activity  over  those  of  untreated  controls  when 
implanted  into  immature  mice.  Red  and  orange  lights  are  more  effective 
than  other  colors  in  inducing  the  effect.  The  eyes  are  not  essential  to  the 
reaction;  direct  illumination  of  the  pituitary  resulting  from  illumination  of 
the  orbit  after  enucleation  effectively  activates  the  gland.  When  light  is  con- 
ducted directly  to  the  pituitary  through  a  quartz  rod,  blue  light,  otherwise 
showing  only  small  influence,  becomes  quite  as  effective  as  red  and  orange. 
Similar  action  of  light  on  the  reproductive  cycle  through  other  routes  than 
the  eyes  has  been  shown  for  sparrows.  In  the  ferret,  on  the  other  hand,  di- 
vision of  the  optic  nerves  completely  inhibits  the  action  of  light,  indicating 
the  retina  of  the  eyes  to  be  the  effective  receptor  agency  involved  in  this 
species. 

Nervous  connection  of  the  hypothalamus  with  other  parts  of  the  nervous 
system  is  usually  essential  to  normal  sexual  functioning.  Nervous  con- 
nection between  the  hypothalamus  and  the  pituitary  is  essential  for  certain 
aspects  of  control  of  the  reproductive  cycle,  as  for  example  ovulation  in  the 
rabbit,  but  appears  non-essential  in  numerous  other  instances,  the  conduction 
in  these  latter  cases  apparently  being  humoral. 

The  tem.perature  of  the  external  environment  has  been  shown  to  play 
an  important  role  in  determining  the  time  of  gonadal  development  and  ap- 
pearance of  secondary  sex  characters  in  the  stickleback  (Gasterosteus),  a 
sufficient  rise  in  temperature  rapidly  inducing  these  changes.  These  fish 
show  no  significant  responses  to  increasing  illumination.  Low  temperature 
and  darkness  such  as  normally  obtain  during  its  annual  period  of  hiberna- 
tion will  activate  the  gonads  in  the  ground  squirrel,  Citelliis,  at  any  season. 

The  general  state  of  nutrition  of  an  organism,  as  well  as  the  sufficiency 
of  specific  vitamins  such  as  A,  E,  and  the  B  complex,  have  an  important  ef- 
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feet  on  the  reproductive  activities  of  the  animal,  although  we  know  too  little 
about  their  roles  to  attempt  any  generalizations. 

Invertebrates:  Hormones  and  Secondary  and  Accessory  Sex  Characters. 
Many  species  of  invertebrate  organisms  representing  many  phyla  possess  a 
sexual  dimorphism  which  has  long  been  suspected  to  owe  its  origin,  in  some 
measure  at  least,  to  hormones  comparable  to  the  gonadal  hormones  of  verte- 
brates.^^- '•*^  Even  to  the  present,'  however,  no  incontrovertible  evidence  has 
been  advanced  to  prove  this  is  so.  Nevertheless,  there  are  numerous  reports 
in  the  literature  suggesting  hormones  to  be  playing  roles  in  this  regard.  These 
come  from  observations  on  (1)  parallel  effects  of  parasites  on  gonads 
and  sexual  differentiations;  (2)  parallel  cyclical  changes  in  the  degree  of 
gonadal  activity  and  certain  secondary  sexual  characters;  (3)  results  of  ir- 
radiation of  the  gonads  or  of  the  whole  organism  with  x-rays  or  radium 
ravs;  and  (4)  results  of  surgical  extirpation  of  gonads. 

It  has  been  observed  after  operative  destruction  that  the  normal  regenera- 
tion of  the  copulatory  apparatus  of  planarians  requires  the  presence  of  the 
gonads,  particularly  the  testes.^'''''  ^''^  In  earthworms  which  lack  the  normal 
secondary  sex  character,  the  clitellum,  it  has  been  observed  that  their  testes, 
but  not  their  ovaries,  had  been  destroyed  by  the  sporozoan,  Monocystis. 
Surgical  extirpation  of  the  segments  containing  the  testes,  but  not  the  ovar- 
ies, was  reported  by  one  investigator  to  be  followed  by  production  of  a  re- 
duced clitellum  or  none  at  all,^"  whereas  similar  surgical  castration  was 
reported  by  another  investigator  to  be  without  any  influence  on  either  de- 
velpoment  of  the  clitellum  or  the  mating  behavior. ^•''  ^^  Since  differentia- 
tion of  the  clitellum  normally  commences  simultaneouslv  with  the  begin- 
ning of  spermatogenesis,  it  has  been  suggested""^  that  both  of  these  phenom- 
ena may  be  parallellv  influenced  bv  an  extragonadal  hormonal  factor,  al- 
though completion  of  development  of  the  clitellum  may  be  hormonally  de- 
termined by  a  chemical  factor  liberated  by  the  ripe  sperm  cells.  This  lat- 
ter hypothesis  finds  support  irt  the  observation  that  removal  from  mature 
Eisenia  of  the  anterior  twelve  segments  containina  the  seminal  vesicles  re- 
suits  in  the  rapid  disappearance  of  the  clitellum  and  its  subsequent  failure 
to  redifferentiate.'^" 

The  periwinkle,  Littorina,  exhibits  an  annual  cycle  of  development  of 
gonads  and  accessorv  characters.  Observations  on  specimens  whose  gonads 
were  considerably  damaged  by  trematode  larval  stages  revealed  incomplete 
differentiation  of  their  accessory  characters.  The  copulatory  arm,  or  hecto- 
cotylus,  of  cephalopods  has  been  reported  as  failing  to  show  its  character- 
istic dift'erentiation  after  surgical  castration. ^^"'  ^'*'^ 

There  have  been  numerous  observations  on  the  influence  of  parasitic 
castration  of  male  decapod  crustaceans  upon  the  size  and  forms  of  the  pleo- 
pods,  chelipcds,  and  abdomen  which  typicallv  show  distinct  differences  be- 
tween the  two  sexes.  The  partial  to  complete  castration  which  normallv  re- 
sults from  parasitization  by  rhizocephalans  (jiarasitic  Cirripedia)  or  bopy- 
rids  (parasitic  isopods)  is  commonly  accompanied  by  the  failure  of  these 
portions  of  the  body  to  assume  their  typical  masculine  form,  the  specimens 
approaching  the  female   form  in  their  sccx)ndary  sexual  differentiation. 

The  interpretations  of  these  results  of  parasitic  castration  of  male  crus- 
taceans in  general  fall  into  either  one  of  two  major  categories:   (1)  those 
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which  assume  that  the  presence  of  the  parasite  has  influenced  the  expression 
of  the  genetic  mechanism  of  sex  determination,  and  (2)  those  which  assume 
that  the  testes  or  some  other  tissue  produced  an  endocrine  possessing  andro- 
genic activity.  In  support  of  the  first  of  these  two  types  of  explanations  is 
the  observation  that  certain  decapod  crustaceans  normally  possess  hermaph- 
roditic gonads,  or  are  readily  induced  to  develop  them  under  the  influence 
of  parasitization.  Some  species,  such  as  Leander,  which  show  no  secondary 
sexual  character  changes  on  castration  may  be  thought  to  possess  a  relatively 
stable  mechanism  of  sex  determination,  not  easily  influenced  by  the  parasite,"*" 
whereas  others  like  Ufogehia  possess  very  labile  mechanisms  and  conse- 
quently show  considerable  feminization  after  parasitic  infestation.  A  num- 
ber of  investigators  have  noticed  that  the  higher  fat  content  of  the  blood  and 
liver  characteristic  of  normal  females  is  also  often  observed  in  parasitized 
males.**^  It  is  postulated  by  these  investigators  that  the  parasite  imposes 
much  the  same  metabolic  demands  on  the  host  as  are  normally  made  by  the 
developing  eggs  of  the  ovary,  and  that  associated  with  the  increased  fat 
metabolism  is  the  production  of  a  "sexual  formative"  stuff  which  parallelly 
influences  the  development  of  both  the  gonads  and  the  secondary  Sv  x  char- 
acters. 

The  second  type  of  explanation  of  the  observed  influences  of  parasitic 
castration  in  males  assumes  the  operation  of  a  masculinizing  hormone.  Ac- 
cording to  this  hypothesis  the  animal  after  parasitization  does  not  become 
feminized  but  assumes  a  neutral  form,  which  chances  to  resemble  more 
clearly  the  female  than  the  male.  Considerable  support  is  given  this  view 
in  observations  on  the  influence  of  three  species  of  parasites  on  the  crab, 
Munida  sarsi.  Two  smxaller  parasitic  crustaceans,  Triangidus  munidae  and 
Lernaeodisciis  ingolfi,  totally  or  partially  castrate  the  crab  and  produce  strik- 
ing modifications  in  the  male  secondary  sex  characters;  a  much  larger  para- 
site, Trianotdtis  hoschviai,  leaves  the  gonads  functional  and  does  not  modify 
the  sex  characters.  Such  observations  appear  to  exclude  in  these  instances  a 
direct  influence  of  the  metabolic  demands  of  the  parasite  in  inducing  the  ob- 
served changes.  Other  investigators,  however,  have  failed  to  find  a  correla- 
tion between  the  degree  of  gonadal  atrophy  and  the  extent  of  suppression 
of  the  male  characters  and  suggest  that  a  tissue  other  than  the  testis  pro- 
duces the  hormone  in  question. 

Another  kind  of  observation  suggesting  an  action  of  a  hormone  in  male 
decapod  crustaceans  is  the  seasonal  cycle  of  changes  in  the  copulatory  ap- 
pendages of  the  crayfish.  These  appendages  assume  a  sexually  functional 
form  (form  I)  at  the  time  of  the  late  summer  molt.  This  is  a  time  when  the 
testes  are  large  and  active.  At  the  time  of  the  spring  molt,  a  period  of  low 
gonadal  activitv.  they  revert  to  a  non-functional  condition  (form  II).  Ex- 
perimental induction  of  molt  during  the  winter  months  when  testis  activ- 
ity is  similarly  low  always  produces  form  11.^^^  These  observations  may  be 
equally  well  explained  in  terms  either  of  the  influence  of  a  gonodal  hormone 
on  the  appendages  or  of  the  parallel  action  of  a  hormone  from  some  other 
source  in  the  body  on  both  gonad  and  appendages. 

Parasitic  castration  of  female  crustaceans  is  in  general  accompanied  by 
little  or  no  change  in  the  general  form  of  the  body  and  appendages.  It  has 
been  observed,  however,  that  the  brood  pouch  of  Aselhis  and  that  of  Dafhnia 
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fail  to  develop  after  injury  to  the  ovaries  by  irradiation.  In  the  amphi- 
pod,  Gammarus  pulex,  suppression  of  the  ovaries  by  a  parasitic  worm,  Poly- 
mor'phiis  minutus,  or  by  irradiation,  has  been  observed  to  be  associated 
with  failure  of  the  typical  marginal  bristles  of  the  oostegites  to  develop.  The 
ability  to  develop  the  marginal  bristles  was  restored  parallelly  with  oogenesis 
after  cessation  of  the  irradiation  treatments.  Female  shrimp,  Leander,  cas- 
trated by  bopyrids  or  by  x-ray  irradiation,  showed  absence  of  development  of 
the  abdominal  incubatory  chamber  and  the  special  guanophores  associated 
with  the  corresponding  abdominal  segments.^^-  '**'  These  observations  strong- 
ly support  the  hypothesis  that  in  these  crustaceans  the  ovaries  may  produce 
a  hormone  normally  influencing  certain  bodily  modifications  concerned  with 
provision  for  the  developing  young. 

In  insects,  despite  extensive  observations  on  the  effects  of  parasitic  castra- 
tion, surgical  castration,  and  gonad  implantation,  there  is  no  reliable  sug- 
gestion as  yet  that  gonadal  or  other  blood-borne  hormones  significantly  in- 
fluence the  differentiation  of  secondary  sex  characters.  In  fact,  strong  evi- 
dence to  the  contrary  is  seen  in  the  frequently  observed  occurrence  of  gynan- 
dromophism. 

Gonadotropic  Hormonal  Activity.  Many  invertebrates,  like  the  vertebrates, 
show  annual  or  other  reproductive  rhythms,  with  periods  of  sexual  activity 
alternating  with  periods  of  inactivity.  In  most  instances  there  is  as  yet  no 
knowledge  of  the  pathways  through  which  the  gonads  are  activated  or  in- 
hibited. 

Some  recent  experiments  have  indicated  that  oogenesis  in  female  shrimp 
of  the  genus,  Leander,  is  under  the  control  of  a  hormone  originating  in  the 
sinus  glands.^^**'  ^-"'  ^-^  This  shrimp  reaches  the  end  of  its  breeding  season 
late  in  the  summer,  and  its  ovaries  become  tremendously  reduced  in  size  and 
activity  and  normally  remain  so  during  the  fall,  winter,  and  early  spring. 
Removal  of  the  eyestalks  or  even  removal  of  only  the  sinus  glands  from  the 
eyestalks  in  such  a  non-breeding  season  as  September  or  October  results  in 
a  very  rapid  increase  in  weight  of  the  ovaries,  these  organs  increasing  about 
seventy-fold  in  45  days  (Fig.  285).  Normal  eggs  may  be  laid  at  the  end  of 
this  period.  Unoperated  controls  show  almost  no  increase  during  the  same 
period.  Implantation  of  sinus  glands  into  the  abdomens  of  eyestalkless  ani- 
mals will  inhibit  ovarian  development,  depressing  it  even  more  than  is  ob- 
served in  unoperated  controls.  A  similar  sort  of  hormonal  relationship  between 
the  sinus  gland  and  the  ovary,  with  the  sinus  gland  acting  as  inhibitor  for 
ovarian  maturation,  has  been  demonstrated  for  the  fiddler  crab,  UcaA^^  A 
similar  situation  appears  to  obtain  in  the  crayfish,*'' 

A  further  reproductive  function  of  the  crustacean,  sinus  gland  is  ob- 
served in  the  fact  that  female  crayfishes  bearing  eggs  on  their  pleopods  nor- 
mally postpone  their  spring  molt  beyond  the  time  of  molting  of  males,  and 
until  the  young  have  become  free.  This  adaptive  response  is  apparently  the 
result  of  activity  of  a  sinus  gland  hormone,  inasmuch  as  egg-bearing  females 
after  sinus  gland  extirpation  molt  as  readily  as  do  males. 

The  majority  of  species  of  insects  so  far  investigated  show  a  hormonal 
relationship  between  the  corpora  allata  and  the  ovaries.  AUatectomy  in  late 
larval  stages  or  young  adults  is  accompanied  by  a  failure  of  the  eggs  in  the 
ovary  to  undergo  their  normal  growth  and  development.  This  has  been  dem- 
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onstrated  for  the  hemipteran,  Rhodnius;'^^^  the  dipterans,  Calli'phora,^^^'  ^^^ 
Lucilia,^*-  ^^-  Sarcophaga,^'^  and  Drosophila;^^'^ '  ^^^-  ^^'-^  and  the  orthopterans, 
Melanoplus,^^-^'  ^^^  and  Leucophaea.^'-^''  Implantation  of  corpora  allata  into 
allatectomized  individuals  restores  the  ability  to  produce  normal  eggs.  On 
the  other  hand,  no  such  relationship  appears  to  exist  in  the  orthopteran, 
Dixippus,^^^-  ^^®'  ^-'^  or  in  Lepidoptera.'^^  Evidence  for  the  humoral  nature 
of  this  relationship  was  clearly  demonstrated  by  telobiotic  experiments  in 
Rhodniiis,  in  which  the  factor  concerned  was  shown  to  be  blood-borne,  and 
by  transplantation  of  the  corpora  allata  into  allatectomized  individuals,  which 
indicated  that  the  corpora  allata  exert  their  typical  action  irrespective  of  their 
new  location. ^"^  The  influence  of  the  active  allatum  principle  appears  to 
operate  through  its  influence  on  the  deposition  of  yolk  within  the  eggs 
rather  than  on  the  earlier  development  of  the  oocytes.  The  corpora  allata  are 
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Fig.  285.  Rate  of  increase  in  ovarian  weight  in  the  shrimp,  Leander,  after:  A,  eyestalk 
amputation;  B,  sinus  gland  extirpation;  G,  eyestalk  amputation  followed  by  sinus  gland 
implantation.   NV,  Normal  control.   From  Brown,^  redrawn  from  Panouse.^ 

apparently  essential  only  throughout  the  period  of  oocyte  growth  and  yolk 
deposition  of  each  successive  reproductive  cycle.  It  has  been  shown  that  al- 
latectomy  is  followed  by  profound  alterations  in  the  general  metabolism  of 
Melanoplus}^^  This  has  led  some  investigators  to  support  the  view  that  the 
reproductive  functions  of  the  principle  from  the  corpora  allata  are  secondary 
to  more  basic  metabolic  ones. 

Allatectomy  also  depresses  the  growth  and  activity  of  certain  female  ac- 
cessory organs  in  Calliphora,  Melanoplus,  and  Leticophaea,  this  influence  be- 
ing independent  of  the  presence  of  the  gonads  and  hence  not  operating 
through  them. 

There  is  considerable  evidence  that  the  ovary  also  exerts  an  action  on  the 
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corpora  allata  in  female  insects.  Ovariectomy  in  Melanoplus,  Calliphora, 
and  LiiciJia  leads  to  hypertrophy  of  the  allata,  and  perhaps  leads  to  a  func 
tional  alteration  in  still  other  insects,  such  as  Sarcophaga  and  Leiicophaea. 

Allatectomy  leads  to  less  distinct  results  in  male  insects  than  in  females. 
The  operation  in  no  manner  interferes  with  the  production  of  sperm  cells; 
in  fact,  allatectomized  males  of  Leiicophaea  show  ability  to  mate  with,  and 
effectively  fertilize  the  eggs  of,  normal  females.  There  are  reports,  however, 
that  the  male  accessory  glands  of  Rhodniiis  and  of  Calliphora  fail  to  show 
normal  development  after  allatectomy.  Castration  of  male  Leucophaea  or 
Lucilia  has  led  to  no  observable  modifications  in  the  corpora  allata. 

There  is  some  evidence  that  the  roaches,  Blatta  and  BlatteUa,  produce 
within  their  ovaries  a  functional  counterpart  of  the  mammalian,  corpus  lu- 
teum,  which  contributes  to  normal  egg-producing  rhythms  of  these  species.^^ 
In  this  rhythm  the  mature  ova  are  laid  in  cocoons  which  are  carried  about 
at  the  genital  opening  of  the  female.  The  ovaries  are  inhibited  while  these 
cocoons  are  being  borne,  but  are  released  to  further  activity  after  deposition 
of  the  cocoons.  Implantation  of  actively  growing  ovaries  into  the  body  of 
cocoon-bearing  females  is  followed  by  a  rapid  change  of  certain  characteris- 
tics of  the  implanted  oocytes  to  resemble  those  seen  in  immature  ovaries. 
Extracts  of  ovaries  from  animals  in  the  inhibited  stage  of  the  normal  repro- 
ductive cycle  yield  the  same  results.  Histological  examination  of  ovaries  in 
their  normally  inhibited  stage  showed  the  presence  of  yellowish  granules 
in  the  follicles  formerly  occupied  by  the  developing  ova. 

HORMONES  AND  GENERAL  MAINTENANCE  AND  METABOLISM 

Intermediary  Metabolism:  Vertebrates.  A  number  of  hormones  within 
the  body,  arising  in  the  anterior  pituitary,  thyroid,  adrenals,  pancreas,  and 
other  organs,  cooperate  in  their  activities  to  help  maintain  the  delicate  bal- 
ances obtaining  in  normal  metabolism.  The  exact  modes  of  action  of  these 
hormones  involved  in  general  metabolic  homeostasis  are  still  far  from  com- 
pletely known,  although  the  general  outlines  of  their  mechanisms  of  action 
have  become  clear. 

Much  more  is  known  about  the  intermediary  metabolism  of  carbohydrates 
than  about  that  of  the  other  two  major  categories  of  organic  substances,  the 
proteins  and  lipids.  In  the  higher  vertebrate,  at  least,  the  amount  of  blood 
glucose  is  maintained  within  a  relatively  narrow  range  of  concentration  as  a 
result  of  a  dynamic  balance  between  blood  glucose  formation  in  the  liver 
from  glycogen  stores,  on  the  one  hand,  and  utilization  of  glucose  by  the 
body  tissues,  on  the  other.  Muscle,  despite  its  large  reservoirs  of  glycogen, 
is  unable  to  produce  glucose  rapidly  enough  to  maintain  normal  blood  sugar 
levels  in  hepatectomized  individuals.  These  latter  become  profoundly  hypo- 
glycemic. Muscle,  however,  does  contribute  some  glucose  to  blood  indirectly, 
through  the  escape  of  excess  lactic  acid  by  way  of  the  blood  to  the  liver, 
where  it  is  converted  into  glycogen.  Glycogen  is  also  formed  in  the  liver 
from  the  deaminized  products  of  protein  catabolism  within  the  organism, 
this  process  thus  providing  indirectly  an  additional  endogenous  source  of 
blood  sugar.  The  foregoing  relationships  are  depicted  in  Figure  286. 

The  steps  in  the  process  of  reversible  glycogen  formation  from  glucose 
and  the  enzymes  concerned  have  been  considerably  elucidated^*'  (see  also 
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Chapter  8).  Glycogen  is  reversibly  broken  down  to  produce  glucose- 1 -phos- 
phate under  the  influence  of  an  enzyme  phosphorylase,  a  process  which  has 
been  referred  to  as  phosphorolysis  because  of  its  similarity  to  hydrolysis.  In 
phosphorolysis  H3PO4  participates  in  the  reaction  in  a  manner  comparable  to 
that  of  H2O  in  hydrolysis.  Under  the  influence  of  the  enzyme  phosphoglu- 
comutase  the  phosphate  group  is  reversibly  shifted  within  the  molecule  to 
the  6-position.  The  resulting  glucose-6-phosphate  is  reversibly  split  by  the 
action  of  phosphatase  to  yield  glucose  and  inorganic  phosphate.  Glucose-6- 
phosphate  and  fructose-6-phosphate,  with  which  the  former  comes  into  equi- 
librium under  the  influence  of  the  enzyme  isomerase,  comprise  the  primary 
substrates  in  the  aerobic  and  anaerobic  energy-yielding  oxidative  metabol- 
ism of  carbohydrates. 

A  number  of  endocrine  glands  in  the  mammal  are  known  to  influence 
the  intermediary  metabolism  of  carbohydrates  and  consequently  the  carbo- 
hydrate contents  of  body  tissues.  Adrenin,  from  the  adrenal  medulla,  ele- 
vates blood  sugar  by  accelerating  the  formation  of  lactic  acid  from  glycogen 
in  muscle  and  of  glucose  from  glycogen  in  the  liver.  In  muscle,  after  adren- 
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Fig.  286.  Diagram  representing  the  gross  metabolic  transformations  of  carbohydrate  in 
muscle  and  liver  occurring  in  the  higher  vertebrate. 


alin  administration,  hexose  monophosphate  increases  and  inorganic  phos- 
phate decreases.  It  would  appear  that  adrenalin  increases  phosphorylase  ac- 
tivity, since  this  is  the  predominant  reaction  common  to  both  muscle  and 
liver  in  these  changes.  Adrenalin  accelerates  this  reaction  only  in  living 
cells,  being  ineffective  in  enzyme  solutions. 

Insulin  from  the  islets  of  Langerhans  of  the  pancreas  appears  to  affect 
carbohydrate  metabolism  primarily  through  acceleration  of  the  change,  glu- 
cose to  glycogen,  in  both  muscle  and  liver. ^°^  Insulin  is  not  essential  to  this 
process  at  high  blood  sugar  levels  but  is  essential  within  the  physiological 
range  of  blood  sugar  concentrations.  In  fact  glycogen  may  be  formed  from 
glucose  even  in  hypoglycemic  animals,  after  insulin  treatment.  There  is 
also  some  evidence  that  insulin  has  an  inhibitory  action  on  adrenalin-accel- 
erated phosphorolysis  in  the  liver. 

Hormones  of  the  adrenal  cortex  influence  the  intermediary  metabolism 
involving  carbohydrates  in  mammals.^^-  ^"^  After  adrenalectomy  rats  and 
mice  may  be  maintained  in  health  by  administration  of  sodium  salts  and 
glucose.   However,   such  individuals,  when  fasted,  suffer  a  rapid  drop  in 
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stored  glycogen  in  the  body  and  in  blood  sugar,  and  exhibit  grfeatly  decreased 
nitrogen  excretion,  the  latter  indicating  decreased  protein  catabolism.  Con- 
versely, after  injection  of  cortical  extracts  normal  specimens  show  an  increase 
in  both  stored  glycogen  and  blood  sugar,  while  exhibiting  increased  nitrogen 
excretion.  Since  these  changes  occur  even,  in  fasting  specimens,  it  is  reason; 
able  to  consider  that  all  the  carbohydrate  increase  has  occurred  at  the  ex- 
pense of  body  protein.  In  fact,  the  amount  of  nitrogen  excreted  under  these 
circumstances  appears  to  be  of  the  proper  order  of  magnitude  to  render  this 
explanation  highly  probable. 

In  partially  depancreatized  rats  with  glycosuria  maintained  by  appropriate 
feeding,  adrenalectomy  is  followed  by  a  marked  reduction  in  glycosuria, 
which  may  be  restored  to  its  original  high  level  by  cortical  extracts.  Hy- 
pophysectomy  of  depancreatized  or  normal  rats  is  also  accompanied  by  carbo- 
hydrate reduction  in  the  body,  an  effect  which  may  in  part  be  reversed  by 
administration  of  cortical  extracts.  It  would  therefore  appear  that  at  least  a 
part  of  the  influence  of  the  pituitary  on  carbohydrate  metabolism  is  exerted 
through  its  adrenotropic  factor.  Of  the  cortical  principles,  corticosterone  and 
dehydrocorticosterone  influence  carbohydrate  metabolism  much  more  strongly 
than  do  desoxycorticosterone  and  progesterone,  although  the  latter  are  very 
influential  in  maintaining  the  electrolyte  balance  and  life  of  the  organism. 

It  would  appear  from  the  available  evidence  that  the  adrenal  cortex  influ- 
ences carbohydrate  metabolism  largely  through  the  stimulation  of  produc- 
tion of  carbohydrate  at  the  expense  of  protein. 

The  thyroid  of  the  mammal  through  the  action  of  its  hormone,  thyroxin, 
exerts  a  powerful  influence  on  the  basal  metabolism  and  hence  on  the  oxida- 
tion of  such  normal  substrates'  as  hexosemonophosphate.  Its  mode  of  action 
would  therefore  appear  to  be  through  the  activation  of  those  enzyme  sys- 
tems which  limit  the  rate  of  the  process— probably  dehydrogenases. 

A  number  of  principles  from  the  anterior  lobe  of  the  pituitary  influence 
various  aspects  of  intermediary  metabolism.^^^-  ^^  Through  the  action  of  a 
pancreatropic  principle  the  normal  amount  of  islet  tissue  and  hence  of  nor- 
mal insulin  production  is  maintained.  An  adrenotropic  principle  is  essen- 
tial to  continued  normal  production  of  carbohydrate-influencing  cortical  prin- 
ciples. A  diabetogenic  principle  is  believed  to  inhibit  insulin  secretion  and 
hence  give  rise  to  the  characteristic  symptoms  of  diabetes— namely  hyper- 
glycemia, glycosuria,  and  ketonuria.  Through  a  thyrotropic  principle  the 
thyroid  is  caused  to  continue  its  normal  production  and  liberation  of  thyrox- 
in. Other  principles  of  anterior  pituitary  origin  which  more  questionably 
possess  separate  identities  are  believed  by  many  to  influence  metabolism  more 
directly.  A  heat-stable  glycotropic  principle  appears  to  act  as  an  anti-insulin, 
having  no  influence  on  metabolism  apart  from  its  action  relative  to  insulin.  A 
glycostatic  principle  may  retard  or  inhibit  the  oxidation  of  hexosemonophos- 
phate. A  ketogenic  factor  (possibly  identical  with  the  glycostatic,  adreno- 
tropic, or  diabetogenic  factor)  is  believed  to  influence  fat  metabolism  in  such 
a  manner  as  to  result  in  the  production  of  ketone  bodies,  organic  acids 
characteristically  found  in  the  blood  of  diabetics. 

The  observation  of  Houssay  and  his  associates  that  removal  of  the  an- 
terior lobe  of  the  pituitary  from  depancreatized  mammals  diminishes  the 
intensity  of  the  diabetic  condition  of  these  animals,  thereby  demonstrating 
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a  diabetogenic  action  of  the  pituitary,  has  been  confirmed  in  lower  verte- 
brates. Removal  of  the  whole  pituitary  or  of  only  the  anterior  lobe  in  toads 
ameliorates  pancreatic  diabetes. ^^^  The  anterior  lobe  of  the  dogfish,  Muste- 
lus,  possesses  a  similar  principle.^  Hypoglycemia  follows  hypophysectomy 
in  this  fish,  an  effect  reported  as  following  removal  of  only  the  anterior  lobe. 
Furthermore,  removal  of  the  anterior  lobe  decreases  the  severity  of  diabetes 
experimentally  induced  in  these  fishes  by  removal  of  the  pancreas. 

Experiments  involving  thyroid  administration  to  fishes  appear  to  indicate 
that  this  hormone  has  no  influence  on  O2  consumption  in  the  guppies  and 
goldfish.*^*'-  ^^^  Treatment  with  thiourea  does  not  significantly  alter  O2  con- 
sumption in  Fundiiliis.'^^'-^  Injection  of  extracts  of  thyroid  glands  of  Bermuda 
parrot  fish  increased  O2  consumption  in  white  grunts,  but  only  when  the 
latter  fish  weighed  more  than  about  15  grams.^*'^  As  in  most  fish,  adminis- 
tration of  thyroid  to  Rana  fifiens  tadpoles  prior  to  changes  of  metamor- 
phosis resulted  in  no  alteration  in  O2  consumption.^^  In  adult  Rana  fifiens, 
on  the  other  hand,  administration  of  thyroid  increased  O2  consumption  sub- 
stantially,^*''^ and  if  the  animals  were  kept  at  temperatures  higher  than  about 
13°  C.  caused  reduction  in  body  weight.  Among  the  reptiles  and  birds  the 
effect  of  thyroid  administration  on  the  basal  metabolic  rate  appears  quite 
similar  to  that  observed  in  mammals.  Pigeons  show  a  marked  reduction  in 
basal  heat  production  after  complete  thyroidectomy.^^" 

Young  Python,  during  long-continued  thyroid  feeding,  show  greatly  in- 
creased excitability  and  weight  reduction.^***' 

A  further  suggestion  that  endocrine  control  of  intermediary  metabolism 
of  fishes  differs  markedly  from  that  in  higher  vertebrates  is  seen  in  the  com- 
parative effects  of  adrenalin  on  O2  consumption.  Whereas  administration 
of  adrenalin  to  normal  mammals  produces  a  considerable  elevation,  in  the 
fish  Girella  there  is  only  a  reduction,  and  this  latter  occurs  only  in  response 
to  doses  which  are  huge  in  comparison  with  effective  doses  in  the  mam- 
mal.i'^6 

Invertebrates.  There  is  no  conclusive  evidence  that  any  of  the  hormones 
of  the  vertebrates  which  have  a  definite  influence  on  intermediary  metabol- 
ism within  that  group  have  any  comparable  actions  in  any  invertebrate.  It 
seems  well  established,  however,  that  among  the  arthropods,  at  least,  hor- 
mones do  have  an  influence  on  general  metabolism.  Removal  of  the  eyestalks 
or  of  the  sinus  glands  of  these  stalks  of  Camharus  is  promptly  followed  by  an 
elevation  in  basal  metabolism,  as  evidenced  by  the  observed  increase  in  O2 
consumption.^"*^  This  can  be  reduced  by  injection  of  aqueous  extracts  of 
the  glands.  Injection  of  extracts  of  eyestalks  of  Uca,  the  fiddler  crab,  into 
Callinectes,  the  blue  crab,  results  in  a  rapid  rise  in  the  blood  sugar  from 
about  20  mg./lOO  cc.  to  more  than  80.-^  The  maximum  is  reached  in  one 
hour,  and  then  there  is  a  slow  decline  to  normal.  This  latter  action  has  been 
attributed  to  the  presence  of  a  diabetogenic  factor  in  the  crustacean  sinus 
gland,  and  recent  work  has  confirmed  this  conclusion  for  the  spider  crab 
hihinia.^^'^ 

In  the  grasshopper,  Melanoflus,  the  corpora  allata  appear  to  be  essential 
for  normal  fat  metabolism  in  the  female.^-^  The  female  in  adult  develop- 
ment first  shows  a  rapid  rise  in  fatty-acid  content  and  much  fat  storage  in 
the  fat  bodies.   This  period,  also  one  of  the  early  growth  of  oocytes  in  the 
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ovary,  is  followed  by  a  period  of  rapid  yolk  deposition.  During  this  latter  pe- 
riod the  fatty  stores  are  rapidly  reduced  and  stabilized  at  a  new  lower  level. 
These  changes  occur  in  a  closely  similar  manner  in  castrated  animals,  indi- 
cating that  the  control  of  these  changes  resides  outside  of  these  organs.  How- 
ever, when  allatectomy  is  performed  in  young  adult  females,  the  operated 
animals  continue  to  deposit  fat  for  a  long  time,  the  fat  bodies  becoming  tre- 
mendously hypertrophied.  It  would  thus  appear  that  during  normal  develop- 
ment of  the  corpora  allata  these  organs  undergo  an  endocrine  alteration  with 
respect  to  factors  controlling  fat  metabolism,  in  a  manner  directly  adapted  to 
normal  yolk  deposition.  Furthermore,  in  castrated  but  otherwise  normal  fe- 
males there  is  observed  an  accumulation  of  non-fatty  material  which  does 
not  occur  in  allatectomized-castrated  specimens.  This  suggests  that  the  cor- 
pora allata  are  responsible  for  the  accumulation  of  "precursory  materials" 
normally  used  up  in  the  production  of  yolk  but  which,  in  the  absence  of 
the  ovaries,  are  forced  to  accumulate  in  other  regions  of  the  body,  such  as 
the  hemolymph. 

Water  and  Salt  Regulation.  The  maintenance  of  the  normal  water  con- 
tent and  the  characteristic  percentage  compositions  of  various  essential  inor- 
ganic constituents  in  the  blood,  tissue,  and  intracellular  fluids  is  dependent 
on  a  regulation  of  the  relative  rates  at  which  these  materials  enter  the  body 
and  leave  it,  and  also  on  a  regulation  of  the  distribution  of  the  materials 
among  blood,  tissue  fluids,  intracellular  contents,  and  storage  reservoirs.  Im- 
portant participants  in  such  regulatory  roles  are  a  number  of  endocrine  or- 
gans of  the  body  of  the  mammal,  notably  the  pituitary,  the  adrenal  cortex, 
the  parathyroids,  and  the  kidneys. 

Extirpation  of  the  cortical  tissue  of  the  adrenals  of  the  mammal  is  rapidly 
fatal. ^^  There  are  an  increase  in  the  rate  of  loss  of  sodium  and  chloride  ions 
in  the  urine  and  a  decrease  in  the  rate  of  their  absorption  from  the  gut. 
Potassium  ions  accumulate  in  the  blood.  These  eff^ects  of  adrenalectomy  may 
in  some  measure  be  compensated  by  administration  of  a  diet  low  in  potas- 
sium and  high  in  sodium.  Sodium  salts  appear  to  leave  the  cells  of  the  tis- 
sues as  well.  In  the  absence  of  the  cortex  the  water  content  of  the  blood  de- 
clines, the  blood  becoming  concentrated  as  water  passes  to  the  tissue  fluids 
and  also  out  of  the  body  through  the  kidneys.  Administration  of  extracts  of 
the  cortex,  and  especially  of  one  of  the  numerous  steroids  isolated  from  it, 
namely  desoxycorticosterone,  prevents  occurrence  of  these  changes  in  com- 
pletely adrenalectomized  individuals.  These  hormones  apparently  diminish 
the  absorptive  capacity  of  the  gut,  kidney  tubules,  and  tissue  cells  for  so- 
dium and  chloride  ions. 

The  parathyroids,  through  the  action  of  their  hormone,  parathormone, 
are  essential  to  the  maintenance  of  the  normal  calcium  and  phosphate  ion 
content  and  distribution  within  the  body.^''^  In  this  role  the  hormone  func- 
tions chiefly  through  governing  the  movement  of  these  ions  between  bone 
and  body  fluids.  The  presence  of  the  hormone  favors  the  movement  in  the 
direction  of  the  blood;  its  absence  favors  movement  from  blood  to  bone.  The 
hormone  also  appears  essential  for  the  normal  resorption  of  these  ions  by  the 
kidney  tubules.  In  its  absence  the  ions  are  largely  lost  from  the  body  through 
kidney  filtration  and  a  subsequent  failure  of  resorption  of  these  ions  by  the 
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tubules.  Parathyroidectomy  is  rapidly  lethal;  there  is  a  rapid  decline  in  blood 
calcium  and  finally  death  in  tetanus. 

The  posterior  lobe  influences  the  rate  of  water  loss  through  the  kidneys.** 
Destruction  of  this  portion  of  the  pituitary  results  in  an  increased  urine  flow 
and  an  increase  in  the  consumption  of  water  by  the  organism  (diabetes  in- 
sipidus). A  hormone,  the  antidiuretic  principle,  is  essential  for  the  normal 
extensive  water  resorption  by  the  kidney  tubules. 

The  kidney,  on  reduction  of  its  blood  supply  by  any  means,  liberates  a 
globulin  protein,  renin,  into  the  blood.^^**-  ^^  Renin  is  a  proteolytic  enzyme 
which  acts  on  a  serum  globulin,  hypertensinogen,  converting  it  into  a  frac- 
tion, hypertensin.  Hypertensin,  a  powerful  agent  in  elevating  blood  pressure 
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Fig.  287.  Diagram  summarizing  influences  of  hormones  on  maintenance  of  the  normal 
water  and  salt  balance  of  the  mammalian  organism. 

within  the  animal,  appears  to  be  a  protein  derivative  of  polypeptide  charac- 
ter which  is  normally  destroyed  slowly  in  the  blood  stream  by  an  enzyme, 
hypertensinase.  The  production  of  renin  by  the  kidney  would  therefore  ap- 
pear to  be  an  adaptive  reaction  to  assure  the  organism  of  sufficiently  high 
blood  pressure  to  permit  adequate  kidney  function. 

Most  of  the  more  irnportant  influences  of  hormones  on  water  and  salt  bal- 
ance are  diagrammatically  portrayed  in  Figure  287. 
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HORMONES  AND  GASTROINTESTINAL  COORDINATION 

In  the  mammal  the  integration  of  the  activities  of  various  parts  of  the  di- 
gestive system  in  deahng  with  ingested  food  is  in  part  endocrine  in  char- 
acter.^'*'  ^^^'  ^'^'  ^^  The  major  hormones  and  their  general  sites  of  formation  and 
regions  of  action  are  shown  diagrammatically  in  Figure  288. 

The  pyloric  mucosa  on  appropriate  stimulation  secretes  into  the  blood  a 
hormone,  gastrin.  Non-innervated,  transplanted  gastric  pouches  are  caused 
to  secrete  in  response  to  the  presence  of  food  in  the  stomach  of  the  animal. 
For  a  long  time  gastrin  was  believed  to  be  identical  with  histamine,  but  it  is 
now  known  that  histamine-free  extracts  of  the  pyloric  mucosa  will  stimu- 
late secretion  of  a  highly  acid  gastric  juice  with  very  little  peptic  activity  and 
simultaneously  stimulate  pancreatic  secretion.  By  fractional  precipitation  the 
gastric  stimulant,  gastrin,  has  been  separated  from  the  activator  of  the  pan- 
creas; the  latter  resembles  very  closely  the  secretin  obtained  from  the  duo- 
denal mucosa.  Gastrin  and  gastric  secretin  appear  to  have  protein-like  prop- 
erties. 


^ALLBLADDEW 


Fig.  288.  Diagrammatic  representation  of  the  sources  and  points  of  action  of  the 
principal  hormones  operating  in  gastrointestinal  coordination. 

The  duodenal  mucosa  quantitatively  stimulates  the  pancreas  to  liberate 
its  digestive  juice  through  action  of  the  hormone  secretin.  It  was  formerly 
thought  that  secretin  stimulated  mainly  the  secretion  of  water  and  bicar- 
bonate by  the  pancreas  and  that  the  production  of  enzymes  was  nervously 
controlled,  but  no  consistent  data  were  obtained  to  support  this  hypothesis. 
The  variable  concentrations  of  enzyme  in  pancreatic  juice  that  have  been 
reported  to  be  produced  in  response  to  secretin  injections  appear  to  find 
their  explanation  in  terms  of  the  presence  of  a  second  hormone  in  the  crude 
extract.  One  fraction  stimulates  the  secretion  chiefly  of  water  and  inorganic 
salts  from  a  denervated  pancreas.  A  second  fraction  will  stimulate  pancreatic 
enzyme  secretion.  The  active  factor  of  this  latter  fraction  has  been  termed 
pancreozymin. 
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Another  active  principle  from  the  duodenum,  and  one  which  has  been 
separated  from  crude  secretin  extracts,  is  cholecystokinin  a  powerful  agent  in 
producing  gallbladder  contraction. 

A  fourth  factor,  enterogastrone,  has  been  isolated  from  the  duodenal  mu- 
cosa. Crude  extracts  containing  this  factor  inhibit  gastric  secretion  and  gas- 
tric motility,  but,  after  purification,  the  extract  largely  loses  the  latter  ca- 
pacity.   The  activity  of  enterogastrone  therefore  appears  to  be  principally 


Fig.  289.  Position  of  the  retinal  pigments  in  the  ommatidium  of  the  eye  of  the  shrimp, 
Palaemonetes,  L,  in  the  Hght-adapted  state,  D,  in  the  dark-adapted  state,  and  E,  after 
injection  of  eyestalk-extract  into  a  dark-adapted  specimen  kept  in  darkness.  C,  Cornea; 
DP,  distal  retinal  pigment;  PP,  proximal  retinal  pigment;  RP,  reflecting  pigment;  RH, 
rhabdome;  and  BM,  basement  membrane.   From  Kleinholz.'"^ 

antisecretory,  and  since  in  the  presence  of  enterogastrone  the  gastric  juice 
produced  under  the  influence  of  gastric  stimulants  such  as  histamine  is  low 
in  acid  content  and  rich  in  pepsin  it  would  appear  that  enterogastrone  pref- 
erentially inhibits  the  acid-secreting  parietal  cells  of  the  stomach. 

Other  gastrointestinal  chemical  coordinators  have  been  proposed  on  the 
basis  of  brief  experiments  but  these  appear  to  have  a  more  questionable  ex- 
istence than  the  aforementioned  ones. 


HORMONES  AND  PIGMENT-CELL  ACTIVITIES 

Integumentary  Chromatophores.  The  roles  of  hormones  in  the  control 
of  the  integumentary  color  changes  in  cephalopods,  crustaceans,  insects,  fishes, 
amphibians,  and  reptiles  have  been  dealt  with  at  some  length  in  Chapter 
21  and  will  not  be  reviewed  here. 

Retinal  Pigment  Migration.  The  movements  of  pigments  within  the  eyes 
of  many  animals  such  as  vertebrates,  insects,  .and  crustaceans  contributes  im- 
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portantly  to  the  mechanical  adaptation  of  these  organs  to  changes  in  light 
intensity.  Only  among  the  crustaceans,  however,  has  clear  evidence  been 
presented  that  hormones  are  involved  in  the  control  of  these  movements  (see 
Chapter  11,  p.  388). 

The  compound  eye  of  crustaceans  is  made  up  of  a  number  of  units,  the 
ommatidia  (Fig.  289).  Each  ommatidium  possesses  three  functionally  dis- 
tinct groups  of  pigments.  The  distal  retinal  pigment,  melanin,  is  located  in 
cells  which  surround  the  distally  placed  dioptric  apparatus  of  the  omma- 
tidium. In  the  dark-adapted  eye  this  pigment  occupies  only  a  distal  posi- 
tion; the  pigment  disperses  proximally  in  daylight  to  envelope  the  whole  of 
the  ommatidium  as  far  as  the  retinula  elements.  The  proximal  pigment, 
which  is  also  melanin,  is  located  in  the  retinula  cells  and  migrates  to  a  po- 
sition proximal  to  the  basement  membrane  in  the  dark,  at  night,  and  distally 
to  meet  the  distal  retinal  pigment  in  daylight.  In  the  light-adapted  state  the 
whole  ommatidium  is  therefore  enclosed  in  a  light-absorbing  sleeve  of  pig- 
ment. A  third  pigment,  the  reflecting  white,  appears  to  be  particulate  guanin. 
In  darkness  this  pigment  occupies  a  position  surrounding  the  retinula  ele- 
ments, thus  constituting  a  functional  tapetum.  It  migrates  to  a  position  proxi- 
mal to  the  basement  membrane  in  daylight. 

Investigations  to  determine  the  extent  to  which  the  pigment  cells  of  the 
right  and  left  eyes  of  an  individual  are  capable  of  independent  responses  to 
illumination  have  led  to  various  results.  The  more  recent  experiments  of 
this  type  have  led  to  the  conclusion  that  there  is  at  least  a  partial  inter- 
dependence between  the  two  eyes,  a  darkened  eye  becoming  more  or  less 
light-adapted  when  the  contralateral  eye  is  subjected  to  illumination.^^  Num- 
erous observations  have  also  indicated  that  one  or  more  of  the  retinal  pig- 
ments of  numerous  species  of  crustaceans  may  undergo  diurnally  rhythmic 
alterations  in"  their  position  in  animals  kept  in  constant  conditions  in  respect 
to  illumination,  especially  in  constant  darkness.-^-  ^^^  Leander  kept  on  an 
illuminated  black  background  has  been  observed  to  show  a  dorso-ventral  dif- 
ferentiation in  position  of  retinal  pigment,  apparently  the  result  of  the  con- 
siderably lesser  illumination  of  the  ventral  than  of  the  dorsal  elements  of  the 
eyes.^^  These  various  responses  of  the  retinal  pigments  appear  to  suggest 
that  the  control  of  the  retinal  pigments  is  not  a  simple  one,  but  probably  in- 
volves a  direct  reaction  of  the  retinal  pigment  cells  to  illumination  and,  in 
addition,  endocrine  and  possibly  also  nervous  activities. 

There  appears  to  be  good  evidence  that  the  sinus  gland  of  the  eyestalk 
produces  a  hormone  which  influences  the  position  of  the  retinal  pigment.*^ 
163, 164  YJ^is  J^as  been  called  retinal  pigment  hormone  or  RPH.^*^  Injection  of 
extracts  of  the  eyestalks  of  light-adapted  Palaemonetes  into  dark-adapted 
specimens  kept  in  darkness  induces  in  the  latter  a  movement  of  the  distal  and 
reflecting  pigments  to  the  position  characteristic  of  the  light-adapted  state. 
The  eyestalks  of  all  crustaceans  which  have  been  examined  show  the  pres- 
ence of  RPH  in  larger  or  smaller  quantities.  That  this  hormonal  principle 
is  normally  concerned  with  the  retinal  pigment  movements  is  indicated  by 
the  fact  that  extracts  of  eyestalks  taken  from  light-adapted  individuals  show 
a  much  greater  RPH  content  than  do  eyestalks  taken  from  dark-adapted 
ones.^^  However,  it  has  been  reported  that  the  diurnal  variation  in  retinal 
pigments  of  certain  grapsoid  crabs  persists  even  following  removal  of  the 
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sinus  glands.^'*^"  More  recently  evidence  has  been  presented  to  support  the 
view  that  a  hormone  from  the  sinus  glands  contributes  at  least  in  part  to  the 
control  of  the  distal  retinal  pigment  of  Leander .'^•^^' 

The  retinal  pigments  of  Camharns  show  different  thresholds  of  response 
to  RPH.^*"'-*  In  low  concentrations  of  the  hormone  only  the  distal  pigment 
is  influenced;  with  higher  concentration  both  distal  and  proximal  retinal 
pigments  move  to  the  light-adapted  state. 

The  origin  of  RPH  is  the  sinus  gland  of  the  eyestalk.  This  organ,  when 
extracted  alone,  is  able  to  induce  a  strong  retinal  pigment  response.  No  other 
tissue  or  organ  of  the  evestalk  approaches  it  in  effectiveness. 

The  retinal  pigment  hormone  of  the  sinus  gland  will  withstand  boiling, 
as  in  the  case  of  the  sinus  gland  chromatophorotropins,  but  nothing  else  is 
yet  known  of  its  properties.  There  is  ample  reason  to  believe  that  it  is  not 
identical  with  any  of  the  dominant  chromatophorotropins,  inasmuch  as  the 
pigmentary  system  of  the  integument  ordinarily  undergoes  its  complete  gam- 
ut of  activities  in  color  changes  in  response  to  illuminated  backgrounds  while 
the  eye  remains  continuously  light-adapted.^^  This  latter  is  true  despite  the 
fact  that  the  threshold  of  response  of  the  retinal  pigments  to  eyestalk  ex- 
tract is  substantially  higher  than  the  threshold  of  response  to  the  body 
chromatophores.  Such  a  situation  obviously  could  not  obtain  were  RPH 
identical  with  one  of  the  dominant  chromatophorotropins. 

A  search  for  a  possible  comparable  endocrine  influence  on  the  state  of  the 
retinal  pigments  of  the  insect,  Ephestia,  disclosed  no  evidence  of  such  an  en- 
docrine activity. ^-^  Injection  of  extracts  of  the  heads  of  light-adapted  moths 
into  either  dark-  or  light-adapted  specimens  produced  no  modification  in  the 
state  of  the  pigments.  Extracts  of  crustacean  sinus  glands  also  showed  no  ac- 
tivity on  the  retinal  pigments  of  the  moth. 

The  movement  of  pigments  and  the  changes  in  lengths  of  the  contractile 
fibrils  (myoids)  of  the  rods  and  cones  of  the  eyes  of  lower  vertebrates  have 
long  been  known,  but  there  was  no  reason  to  suspect  that  they  were  other 
than  direct  responses  to  light  until  it  was  shown  that  the  lengths  and  posi- 
tions of  the  rods  and  cones  of  the  eyes  of  catfishes  kept  in  constant  darkness 
still  undergo  a  diurnally  rhythmic  change. ^"^^  It  is  not  yet  known  whether 
the  control  of  these  changes  involves  chemical  coordinators  or  only  nervous 
activity. 

Coloration  and  Seasonal  Color  Changes  of  Birds  and  Mammals.  Among 
the  numerous  species  of  birds  which  show  differentiation  of  hen  and  cock 
plumages  a  wide  variety  of  mechanisms  are  involved.^--  ^^  In  the  English 
sparrow  the  control  of  plumage  type  is  exclusively  genetic.  Among  the  pheas- 
ants, the  plumage  type  is  determined  by  simultaneous  action  of  genes  and 
hormones.  In  perhaps  the  majority  of  birds,  however,  the  plumage  typical 
of  one  sex  is  neutral;  that  of  the  other  sex  is  determined  by  blood-borne  hor 
mones.  In  the  common  domestic  fowl  the  neutral  type  appears  to  be  the  cock 
plumage,  with  the  hen  type  the  result  of  action  of  estrogens.  In  African 
weaver  finches,  the  neutral  tvpe  is  the  hen  plumage;  the  cock  plumage  is 
the  result  of  action  of  hypophyseal  hormones.  Only  in  the  herring  gull, 
among  the  birds  thus  far  studied,  does  the  cock  type  of  plumage  depend  on 
action  of  androgens.^- 

In  the  majority  of  common  birds  the  adults  undergo  a  rather  complete 
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post-nuptial  molt  immediately  after  the  breeding  period;  the  new  regenerat- 
ing plumage  becomes  the  winter  or  eclipse  plumage.  A  second,  usually  much 
less  extensive  molt,  the  pre-nuptial,  occurs  in  the  spring.  The  regenerating 
plumage  constitutes  the  breeding  or  nuptial  plumage.  This  latter  molt  is  most 
extensive  in  those  species  which  exhibit  conspicuous  breeding  coloration. 
The  times  at  which  birds  assume  the  nuptial  and  winter  plumages  are  gov- 
erned by  a  number  of  factors.  In  some  species,  such  as  the  African  weaver 
finch,  Pyromelanox,  and  the  starling,  the  changes  appear  due  to  an  inherent 
cyclically  rhythmic  hypophyseal  activity,^'^'^  although  the  occurrence  of  the 
rhythm  may  depend  in  part  on  length  of  daily  light  periods.^^-  ^^'  ^^^  Some 
other  species,  such  as  mallard  ducks,  Anas  platyrhyncha,  the  white-throated 
sparrow,  and  the  bob-white,  can  be  induced  to  molt  and  undergo  a  plumage- 
type  change  at  a  time  other  than  their  regular  season  by  subjection  to  arti- 
ficially increasing  or  decreasing  light  periods.  Therefore,  the  annual  plumage 
changes  of  most  birds,  like  migrating  and  breeding  activity,  appear  to  be  con- 
trolled in  good  measure  by  the  annual  cycle  of  day  lengths. 

Certain  northern  birds  and  mammals  show  a  seasonal  color  change  from 
brown  in  summer  to  white  in  winter.  The  times  of  these  changes  in  such 
forms  as  the  ptarmigan,  Lagopus,^^  the  ermine,  Mustela,-^  and  the  varying 
hare,  Lepus,^^"^  have  been  shown  to  be  determined  by  the  seasonal  changes 
in  day  lengths;  the  animals  could  be  caused  to  whiten  out  of  season  by  ap- 
propriate experimental  alteration  of  the  daily  lighting.  Experiments  involv- 
ing masking  of  the  varying  hare^^^  indicate  that  the  eyes  are  the  normal  re- 
ceptors. Both  in  the  natural  cycle  of  color  change  and  in  color  changes  in- 
duced artificially  by  modification  of  illumination,  the  varying  hare  is  phys- 
iologically brown  when  large  amounts  of  gonadotropic  hormones  are  pres- 
ent in  the  blood  and  is  physiologically  white  when  these  hormones  are  low  in 
concentration.  Molting  in  a  physiologically  brown  animal  is  followed  by 
production  of  brown  hair;  in  a  physiologically  white  one,  by  production  of 
white  hair.  Extracts  of  whole  pituitary  containing  gonadotropic  hormones 
will  convert  physiologically  white  animals  into  physiologically  brown  ones 
and  simultaneously  induce  shedding  of  the  white  hair.  Hypophysectomy  in 
ferrets  abolishes  the  cyclic  molting.^^-  ^^  No  endocrine  gland  other  than  the 
pituitary  appears  to  be  involved  in  these  color  changes.  Castrated  and  thy- 
roidectomized  hares  undergo  the  normal  seasonal  color  changes.^"^ 

HORMONES  AND  BIRD  MIGRATION 

Some  years  ago  it  was  postulated  that  the  migrational  behavior  of  birds 
was  under  the  control  of  hormones  from  the  gonads.^^^-  ^^"'  ^^^  Northward 
migration  of  birds  in  the  northern  hemisphere  was  considered  a  result  of  the 
recrudescence  of  the  gonads  in  the  spring;  regression  of  the  gonads  after  the 
breeding  season  was  correlated  with  migration  southward.  In  the  junco,  the 
northward  migration  appeared  correlated  with  periods  of  greater  interstitial 
cell  activity  of  the  gonads.  In  the  crow,  southward  migration  appeared  in- 
dependent of  gonadal  regression,  as  indicated  by  castration.  In  the  European 
starling,  northward  migration  appeared  correlated  with  gonadal  secretion  and 
southward  migration  with  absence  of  secretion.'*^-  ^^ 

Other  evidence  seems  to  indicate  with  moderate  clarity  that  changes  in 
gonadal  activity  are  not  causally  related  to  migrational  behavior.   Removal  of 
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gonads  does  not  appear  to  abolish  migrational  behavior.^^  Furthermore  many 
birds  migrate  while  they  are  still  sexually  immature. ^''^'*  Migrant  juncos  re- 
tained as  long  as  two  months  after  their  normal  time  of  migration  would 
still  move  northward  on  release,  although  their  gonads  were  already  in  breed- 
ing condition. ^^'^  Birds  retained  in  their  wintering  grounds  during  the  sum- 
mer, and  thus  prevented  from  spring  migrating  and  breeding,  nonetheless 
underwent  the  typical  gonadal  regression  and  fat  deposition  observed  in 
birds  preparing  for  the  annual  fall  migration. 

Examination  of  the  pituitaries  of  juncos  showing  increase  in  testis  size, 
and  of  birds  later  during  breeding,  revealed  cytological  evidence  of  much 
more  active  secretion  of  this  gland  than  during  the  winter  when  testis  size 
was  minimal.  Furthermore,  injections  of  antuitrin-G  containing  several  an- 
terior lobe  principles  will  induce  a  condition— increased  gonad  size  and 
heavy  fat  deposition— which  resembles  closely  those  characteristics  in  a  bird 
ready  to  migrate.  These  observations  strongly  suggest  that  the  pituitary  is 
an  important  conditioning  agent  for  migration. ^^'•* 

Within  many  species  of  birds,  including  juncos,  it  is  possible  to  differen- 
tiate two  types  of  individuals.  Some  individuals  are  normal  migrants,  and 
others  are  non-migrants  or  residents.  These  two  types  can  sometimes  be 
clearly  differentiated  into  morphologically  different  subspecies  or  varieties, 
whereas  again  they  may  comprise  quite  similar  individuals.  An  individual 
bird  may  belong  to  both  types  at  different  times  during  its  lifetime.  There 
appears  to  be  good  evidence  that  similar  treatment  of  "residents"  and  "mi- 
grants" with  increased  light  periods  will  result  in  gonadal  recrudescence  in 
both  instances,  yet  only  the  migrants  will  exhibit  fat  deposition  and  subse- 
quent migration. 

Such  observations  as  these  lead  to  the  concept  that  an  inherent  potentiality 
to  migrate  exists  in  certain  birds,  but  that  the  behavior  patterns  which  init- 
iate and  carry  out  the  migratory  flight  are  activated  or  influenced  by  season- 
ally varying  external  factors,  principally  temperature,^''-  ^"  (see  p.  371)  and 
changing  day  lengths.  These  factors  appear  to  operate  initially  by  way  of  the 
anterior  lobe  of  the  pituitary  ~^'  Hormones  from  this  organ  then  gradually  alter 
the  physiological  state  of  the  bird,  one  or  more  of  these  Jatter  alterations  prob- 
ably serving  as  the  immediate  stimulus  to  migration.  The  data  suggest  that  the 
fundamental  alteration  in  physiological  state  involved  here  is  the  deposition 
of  fat  which  would  provide  the  energy  for  the  migrational  flight. 

GENERAL  CONSIDERATIONS 

In  any  comparative  survey  of  endocrine  mechanisms  one  is  impressed  by 
the  fact  that,  in  all  those  animal  groups  in  which  endocrine  systems  have 
differentiated,  the  same  general  types  of  functions  are  being  subserved  by 
them.  In  the  two  very  widely  separated  animal  groups,  the  Arthropoda  and 
the  Vertebrata,  which  are  considered  by  most  zoologists  to  possess  no  com- 
mon ancestry  short  of  relatively  primitive  forms  of  life,  we  see  the  same 
general  distribution  of  coordinatory  functions  between  nervous  and  en- 
docrine systems.  In  both  groups  growth,  differentiation,  reproduction,  meta- 
bolism, and  pigment  cells  are  influenced  by  hormones.  In  brief,  the  endo- 
crine system  seems  to  influence  primarily  those  functions  in  which  the 
time  to  induce  a  response  is  long  (as  in  those  activities  involving  growth 
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and  cell  differentiation),  those  processes  in  which  the  controlling  influence 
needs  to  be  maintained  over  long  periods  of  time  (as  in  the  control  of  gen- 
eral processes  in  basic  maintenance  and  metabolism),  and  situations  in 
which  effector  organs  are  maintained  in  one  or  another  condition  for  very 
long  periods  of  time  (as  with  chromatophores). 

Within  even  relatively  large  natural  groups  of  animals  there  is  commonly 
a  lack  of  specificity  of  the  hormonal  substances.  Among  the  vertebrates,  hor- 
mones such  as  the  gonadal  hormones,  insuHn,  thyroxin,  and  others  seem 
rather  widely  distributed,  typically  producing  within  any  species  a  type  of 
response  characteristic  for  that  species.  Similarly,  among  the  insects,  the 
juvenile  hormone  and  the  GD  hormone  (see  p.  733)  appear  interchangeable 
among  the  various  species,  and  often  even  among  orders.  The  same  situation 
appears  also  to  obtain  for  the  chromatophorotropins,  retinal  pigment  hor- 
mone, and  molt-inhibiting  hormone  among  various  species  of  the  Crustacea. 

Beyond  these  groups  little  is  known  as  to  chemical  or  physiological  simi- 
larities of  the  active  principles.  The  corpora  cardiaca  of  insects  yield  a  prin- 
ciple highly  active  on  the  chromatophores  of  crustaceans.  A  rather  extensive 
literature  has  developed  regarding  the  influence  of  invertebrate  hormones 
on  vertebrates  and  especially  of  vertebrate  hormones  on  invertebrates.'^^-  ^^^ 
Much  of  the  work  is  confusing  and  contradictory  and  gives  us  little  reason 
for  believing  that  the  results  have  anything  other  than  interesting  pharma- 
cological value.  The  vertebrate  chromatophorotropin,  intermedin,  and  the 
crustacean  hormone,  UDH  (see  p.  698),  appear  qualitatively  to  resemble 
one  another  in  their  chromatophorotropic  action  and  in  many  of  their  physi- 
cochemical  properties.^  A  critical  examination,  however,  gives  us  strong 
reason  for  believing  they  are  not  identical.^"^ 

The  nervous  systems  of  a  wide  variety  of  animals  show  histological  and, 
in  certain  cases,  good  physiological  evidence  of  the  differentiation  of  en- 
docrine elements  or  neurosecretory  cells. ^^^  Such  cells  occur  in  certain  por- 
tions of  the  nervous  systems  of  worms,  molluscs,  arthropods,  and  vertebrates. 
In  the  last  group,  they  are  located  in  the  nucleus  preopticus  of  fishes  and  am- 
phibians, and  in  the  homologous  nuclei  supraopticus  and  paraventricularis 
of  reptiles  and  mammals.  Only  among  certain  invertebrates  is  there  evidence 
of  a  functional  role  of  these  neurosecretory  cells  within  the  organism.  The 
pars  intercerebralis  of  the  insect  brain  contains  knots  of  large  neurosecretory 
cells  and  the  endocrine  activity  of  this  part  of  the  nervous  system  has  al- 
ready been  described.  A  certain  chromatophorotropically  active  agent  for 
crustacean  chromatophores  has  been  found  to  have  a  quantitative  distribu- 
tion in  the  nervous  system  of  Limulus  closely  paralleling  the  frequency  of 
neurosecretory  cells  known  to  occur  there. ^'*'  ^'^^  Certain  large  ganglion  cells 
in  annelids  give  a  chromaffin-staining  reaction  characteristic  of  adrenalin- 
producing  tissues,  and  extraction  and  assay  of  such  nervous  tissue  gives  posi- 
tive physiological  tests  for  adrenalin. 

It  is  interesting  to  point  out  that  the  insect  corpora  cardiaca  and  allata  are 
so  closely  associated  with  the  nervous  system  that  they  were  formerly  known 
respectively  as  the  anterior  and  posterior  esophageal  ganglia;  the  corpora 
cardiaca  contain  ganglion  as  well  as  secretory  cells.  The  sinus  gland  of  crus- 
taceans appears  to  be  a  derivative  of  the  neurilemma!  sheath  of  the  anterior 
central  nervous  system,  as  does  also  the  glandular  source  of  the  hormones  of 
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the  tritocerebral  commissure  of  Crago.  Among  the  vertebrates  the  medulla 
of  the  adrenal  and  the  posterior  lobe  of  the  pituitary  are  considered  to  be 
derived  embryologically  from  nervous  tissue.  The  latter  is  believed  to  be  ho- 
mologous with  the  neural  gland  of  tunicates,  which,  however,  in  addition  to 
possessing  oxytocic,  pressor,  and  melanophore  activating  agents,  appears  also 
to  have  some  gonadotropic  activity. 

In  brief,  it  would  seem  that  there  has  been  an  evolution  of  certain  en- 
docrine tissues  from  tissues  possessing  a  simple  nervous  or  conductile  func- 
tion and  located  within  the  central  nervous  system,  through  a  condition 
where  the  cells  exhibited  secretary  function  while  still  retaining  the  func- 
tional properties  of  nerve  cells,  to  a  condition  in  which  the  cells  have  become 
specialized  for  endocrine  activity  alone.  In  the  last  instances  the  cells  have 
commonly  become  separated  from  the  nervous  system  to  form  definite  glan- 
dular tissues  or  organs.  In  such  organisms  as  the  arthropods,  which  possess 
an  open  circulatory  system,  no  better  access  to  a  rich  hemolymph  supply 
for  such  organs  is  to  be  found  in  the  organism  than  the  surfaces  of  the 
central  nervous  organs  which  are  bathed  directly  by  the  fluid  contents  of 
a  large  blood  sinus. 

Other  endocrine  organs  have  developed  ontogenetically  and  phylogenet- 
ically  independently  of  the  nervous  system. 

It  is  interesting  to  note  that,  in  the  vertebrates,  those  hormones  from 
sources  of  ectodermal  or  endodermal  origin  are  proteins  (pituitary  principles, 
thyroglobulin,  insulin)  or  at  least  contain  nitrogen  (adrenin);  hormones 
arising  from  tissues  of  mesodermal  origin  are  characteristically  steroids  (sex 
hormones,  cortical  principles). 

There  has  been  some  speculation  in  the  literature  as  to  which  is  prob- 
ably the  primitive  integrating  mechanism  within  animals— nervous  or  en- 
docrine. Obviously  both  mechanisms,  when  broadly  interpreted,  extend  to 
all  forms  of  living  organisms,  both  unicellular  and  multicellular.  The  phe- 
nomena of  excitation  and  conduction,  the  basic  underlying  activities  in  the 
physiology  of  the  nervous  system,  are  common  to  all  cells,  as  are  also  the 
intracellular  influences  of  numerous  chemical  products  of  activity  of  every 
cell.  As  was  pointed  out  in  the  introduction  to  this  chapter,  some  organizing 
and  diff^erentiating  forces  obviously  had  to  precede  both  of  these  coordinating 
mechanisms  in  both  phylogeny  and  ontogeny.  In  development  gene-induced 
diff^erentiation  precedes  organizer  activity.  There  is  no  good  reason  to  postu- 
late that  either  the  excitatory  or  the  chemical  coordinating  factor  is  phylo- 
genetically  the  more  primitive.  Both  types  of  coordinatory  mechanisms  prob- 
ably evolved  simultaneously  and  entirely  parallelly  for  the  most  part;  and, 
in  response  to  the  functional  needs  of  larger  size,  and  later  the  multicellular 
character,  of  the  organisms,  highly  specialized  nervous  and  endocrine  sys- 
tems differentiated. 
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CHAPTER  23 


Nervous  Systems 


INTRODUCTION 


■    HE  METABOLIC  FUNCTIONS  of  an  animal  can  proceed  without  spe- 
I  cialized   conducting   tissue.    The   speciaHzation   of  conducting 

m  tissue,  particularly  of  nervous  tissue,  gives  an  animal  a  certain 

freedom  from  the  environment  which  has  survival  value,  permitting  a  com- 
bination of  large  size  and  high  motility.  Many  Protozoa  and  free-swimming 
larvae  are  small  and  have  little  rapid  conduction  from  one  part  to  another, 
yet  are  motile.  Many  sessile  animals  have  slightly  developed  conducting 
mechanisms  and  may  be  large,  but  they  are  not  motile.  All  of  those  animals 
which  are  both  large  and  motile  have  rapidly  conducting  nervous  tissue. 

In  the  evolution  of  nervous  tissues  four  trends  are  apparent:  (1)  increas- 
ing speed  of  conduction;  (2)  integration,  or  making  one  impulse  count 
for  more  or  less  than  one;  (3)  cephalic  dominance;  and  (4)  modifiability 
of  the  pattern  of  response. 

NON-NERVOUS   CONDUCTION 

Among  the  animals  which  do  not  have  nervous  systems  some  coordinat- 
ing mechanisms  have  been  described.  Probably  all  living  cells  have  the 
ability  to  conduct  waves  of  excitation.  Conduction  in  many  plant  cells,  eggs, 
and  body  cells  of  higher  animals  has  been  described  as  a  wave  of  depolariza- 
tion passing  along  the  plasma  membrane.  Conduction  from  cell  to  cell,  as 
in  ciliated  epithelium,  is  well  known.  Conduction  by  way  of  many  intra- 
cellular fibrils  has  been  claimed  for  a  few  Protozoa. ^^^ 

Many  ciliates  have  a  regular  network  of  fibrils  connecting  the  basal  gran- 
ules of  the  cilia.  The  form  of  this  network  varies,  but  in  general  the  basal 
granules  are  connected  in  longitudinal  rows  with  some  cross  connections. ^^^ 
This  peripheral  network  is  connected  to  the  central  neuromotor  system, 
which  may  have  a  center  or  motorium  and  has  internal  fibrils  which  extend 
to  membranelles,  cytopharynx,  and  cirri  when  these  are  present.  The  entire 
fibrillar  system  has  been  variously  claimed  to  be  supporting,  contractile, 
and  conducting.  Experimental  evidence  for  a  conducting  function  came 
from  Taylor,'^'-'^  who  with  microneedles  cut  fibrils  between  the  motorium 
and  the  cirri  in  Euplotes  (and  cut  the  peripheral  fibrils  as  well).  Coordina- 
tion between  the  cirri  and  membranelles  in  the  oral  region  disappeared.  Co- 
ordination of  membranelles  was  disrupted  after  destruction  of  the  motorium 
in  Chlamydodon,^"^^  and  ciliary  movement  was  disorganized  after  fibrillar 
injury  in  Ichthyophthicus.'^'^^  However  in  Parameciuvt  lesions  near  the  peri- 
stome did  not  destroy  ciliary  coordination,-"^^  even  though  a  motorium  is 
said  to  be  located  there.^'^^ 
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Conduction  in  higher  animals  is  predominantly  a  function  of  cell  mem- 
branes, and  in  neurones  the  fibrils  per  se  probably  have  nothing  to  do  with 
conduction.  Taylor  ""'^  suggests  that  the  fibrillar  system  in  ciliates  actually 
may  have  several  different  functions.  Ciliates  are  highly  specialized  acellular 
organisms.  Hence,  the  ciliate  fibrillar  system  is  not  a  precursor  of  nervous 
structures. 

In  sponges  there  are  no  nerve  cells,  but  spindle-shaped  muscle  cells  bring 
about  closure  of  oscula.  These  muscle  cells  have  been  called  independent 
effectors,'^^^  because  they  combine  sensory  and  motor  functions.  There  is 
a  slow  conduction  (about  1  cm./min.)  from  cell  to  cell  in  a  sponge,  as  shown 
by  the  response  of  the  osculum  to  a  prick  a  short  distance  away.'^^^  In  some 
coelenterate  tentacles  there  may  be  a  few  two-celled  arcs  (sense  cell— muscle 
cell),^^'^  but  beginning  with  the  coelenterates  coordination  between  sense 
organs  and  effectors  is  principally  nervous. 


0  4- 


-041- 


1  0  msec 


Fig.  290.  Electrical  changes  in  crab  nerve  at  the  stimulating  electrodes  to  shocks  of 
increasing  intensity.  Electrotonic  potential  seen  at  anode  (below  zero)  and  in  first  five 
records  at  cathode  (above  zero),  local  response  only  in  upper  records  6-9,  and  beginning 
of  action  potential  spike  in  upper  three  responses.  Upper  six  curves  at  threshold  intensity. 
Insert  a,  another  series  at  cathode.   From  Hodgkin.^*" 


NERVOUS  CONDUCTION 

The  Action  Potential  Wave.  A  nerve  impulse  is  the  sum  total  of  chemical 
and  physical  events  in  the  propagation  of  a  wave  of  physiological  activity 
along  a  nerve  fiber.  The  electrical  components  of  a  nerve  impulse  have  been 
measured  most  precisely  and  are  of  interest  in  comparative  physiology. 

A  nerve  trunk  is  composed  of  many  nerve  fibers,  each  fiber  conducting 
independently  of  the  others.  Each  nerve  fiber  is  polarized  when  at  rest  by 
about  60  millivolts,  the  inside  of  the  cell  membrane  being  negative  to  the 
outside.    Excitation  consists,  in  part,  in   the  breakdown  of  this  polarized, 
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relatively  impermeable  membrane  so  that  it  is  momentarily  permeable  to 
ions;  membrane  resistance  decreases  during  conduction. 

In  conduction  the  membrane  shows  a  series  of  some  five  different  elec- 
trical phases.  Some  types  of  nerve  fiber  show  certain  of  these  electrical 
waves  more  clearly  than  others;  a  composite  picture  of  the  electrical  disturb- 
ance in  a  nerve  impulse  follows: 

(1)  The  membrane  has  electrical  capacitance  and  resistance,  and  when 
subthreshold  current  is  passed  through  the  nerve  there  is  current  spread  ac- 
cording to  the  electrical  constants  of  the  membrane.  This  electrotonic  wave 
declines  exponentially  along  the  fiber  from  the  source  of  stimulation  and 


Fig.  29 1 .  Local  graded  oscillations  with  emergent  spike  in  decalcified  giant  axons  of 
squid.    From  Arvanitaki." 


Fig.  292.  Action  potential  recorded  between  the  inside  and  outside,  of  giant  axon  of 
squid  showing  initial  resting  potential  level  and  overshoot  of  action  potential.  From 
Hodgkin  and  Huxley.^''* 

can  be  detected  0.5-3  mm.  away  from  a  stimulating  electrode;  the  electro- 
tonic  (polarization)  potential  is  best  seen  with  stimuli  of  half  rheobasic 
(threshold)  strength.  It  varies  with  stimulus  intensity  and  is  normally 
symmetrical,  but  in  reverse  polarities  at  cathode  and  anode  (Fig.  290).  An 
electrotonic  wave  spreads  ahead  of  a  propagated  impulse  and  can  be  de- 
tected beyond  a  region  where  conduction  is  blocked  by  cold. 

(2)  As  the  stimulus  strength  increases  and  the  polarization  (electrotonic) 
potential  grows,  out  of  it  appears  a  local  response  or  prepotential.   This  ap- 
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pears  only  at  the  cathode  (on  the  make),  is  reduced  or  absent  if  the  nerve 
is  refractory,  and  is  graded  in  size.  Its  increase  is  non-hnear,  the  local  re- 
sponse increasing  out  of  proportion  to  the  stimulus  strength.  Local  responses 
have  been  seen  in  thin-sheathed  fibers  of  Crustacea^"''  and  of  Cephalo- 
poda,^^ and  in  myelinated  fibers  of  the  frog-'*'*  (Fig.  290).  Lorente  de  No^^*^ 
classes  this  graded  response  as  part  of  the  electrotonic  potential. 

(3)  When  the  stimulus  is  of  threshold  magnitude  the  local  graded  poten- 
tial reaches  a  critical  height  and  a  propagated  nerve  impulse  (spike)  arises 
out  of  it.  The  critical  height  of  the  local  potential  in  crustacean  fibers  is 
about  20  per  cent  of  the  spike  height.^'^'^  Under  conditions  of  membrane 
instability,  as  in  decalcified  giant  nerve  fibers  of  the  squid,  electrical  oscilla- 
tions of  variable  size  appear,  and  out  of  the  largest  of  these  conducted  im- 
pulses arise^'^'  ^^  (Fig.  291).  The  spike  is  all-or-none,  rises  rapidly  to  its 
crest,  and  then  declines  at  a  decreasing  rate.  The  spike  duration  varies  with 


Fig.  293.  A,  Changes  produced  in  the  after-potentials  of  a  phrenic  nerve  (A  fibers) 
by  short  tetanic  stimulations.  The  spike  potentials  are  not  visible  so  the  records  begin 
with  the  negative  after-potential  and  continue  into  positive  after-potential.  The  top 
record  shov.'s  the  after-potential  response  evoked  by  a  single  stimulus,  for  comparison 
with  the  curves  below  at  the  designated  frequencies  of  stimulation.  Time  line=60  cycles. 
B,  C,  Negative  after-potentials  in  response  to  single  and  tetanic  stimulation  in  veratrinized 
nerve.  Time  60  cycles.   From  Gasser  and  Grundfest.^^" 

conduction  velocity  and  is  roughly  1.5  msec,  for  fast  frog  and  crustacean 
fibers.  It  vi'as  formerly  believed  that  the  action  potential  spike  was  merely 
a  reduction  in  the  resting  potential  of  the  nerve  fiber.  However,  in  giant 
nerve  fibers  of  the  squid  it  has  been  possible  to  insert  an  electrode  inside 
the  fiber  and  thus  record  the  maximum  potential  developed  across  the  mem- 
brane. In  such  fibers  with  resting  potentials  of  about  55  mv.  where  the  in- 
side is  negative,  the  outside  may  become  negative,  sometimes  by  an  addi- 
tional 50  or  60  mv.^^'^'  ^^^  (Fig.  292).  Thus  the  spike  is  more  than  a  mere 
reduction  of  resting  potential;  it  is  also  an  active  reversal  in  potential. 

(4)  Following  the  spike  and  delaying  its  downward  deflection  is  a  nega- 
tive after-potential  (Fig.  293,  B,  C).  The  negative  after-potential  repre- 
sents a  process  of  negativity  which  starts  during  the  spike  and  reaches  its 
peak  much  later  (4-6  msecs.  in  frog  A  fibers,  which  have  a  spike  crest  time 
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of  0.4  msec).  The  negative  after-potential  is  increased  by  veratrine,  by  the 
alkahne  earths,  and  by  tetanization  of  a  nerve  trunk.  In  crab  nerve  fibers 
the  negative  after-potential  persists  for  15  minutes  or  more.^-'^^-  -^^  The  after- 
negativity  in  crab  fibers,  as  in  vertebrate  fibers,  is  prolonged  by  veratrine^" 
and  by  repetitive  stimulation. '^° 

(5)  A  positive  after-potential  follovi's  the  negative  after-potential  (Fig. 
293,  A).  It  may  persist  for  100  msec,  in  small  mammafian  fibers  and  for 
several  seconds  in  frog  fibers.  It  may  last  for  many  minutes  in  crab  fibers.*^^'' 
After-positivity  is  enhanced  by  yohimbine,  by  low  calcium,  and  by  a  tetanus. 

A  nerve  fiber  recovers  its  excitability  rapidly  so  that  after  the  spike  its 
membrane  is  again  ready  to  conduct  another  impulse.  The  after-potentials 
are  related  in  some  unknown  way  to  oxidative  recovery  and  to  ionic  unbalance. 
In  addition,  the  excitability  of  a  nerve  is  enhanced  during  the  negative  after- 
potential  (catelectrotonus)  and  is  diminished  during  the  positive  after-poten- 
tial (anelectrotonus)  (Fig.  294). 
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Fig.  294.  After-potentials  and  excitability  cycle  following  a  response,  a,  after-potential, 
and  b,  excitability  cycle  in  cervical  sympathetic  fibers  (cat),  c,  excitability  cycle  in 
saphenous  nerve.  From  Gasser.^°^ 

Ionic  Basis  of  Nerve  Action  Potentials.  There  are  few  fields  of  cellular 
physiology  in  which  it  is  so  difficult  to  fit  the  varied  chemical  and  physical 
observations  into  a  reasonable  pattern  as  in  nervous  propagation.  There  is 
little  doubt  that  oxidations  supply  the  recovery  energy,  probably  by  restor- 
ing and  maintaining  the  molecular  structure  of  the  plasma  membrane.  Thia- 
mine is  involved  in  activity. ""^^^  Energy  appears  to  be  made  available  by 
phosphate  transfer,  as  in  muscle. 

A  part  of  the  action  potential  spike  consists  of  reduction  in  the  resting 
potential,  and  this  probably  results  from  a  net  increased  movement  of  po- 
tassium outward,  diminishing  the  ratio  of  potassium  inside  to  that  outside. 
It  has  been  demonstrated  with  thin-sheathed  nerves  (crustacean)  that  dur- 
ing propagation  the  rate  of  exchange  of  potassium  is  greatly  increased,  with 
the  net  effect  of  an  outward  movement  of  potassium. ^'^■'''  ^^''''  ~'^^'  ^^^  The 
overshoot  whereby  the  outside  becomes  negative  to  the  inside  may  result 
from  siftiultaneous  inward  movement  of  sodium. ^^^ 
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The  plasma  membrane  is  lipoprotein,  as  indicated  by  much  indirect  evi- 
dence. Certain  electrochemical  properties  of  the  lipoprotein  membrane  seem 
to  be  imparted  by  a  substance  that  is  a  quaternary  ammonium  base,  the 
synthesis  of  which  requires  sodium. ^"^  Specific  aromatic  hydrocarbons  and 
other  non-polar  molecules  depolarize,  apparently  by  adsorbing  on  receptor 
areas  of  less  than  8  'A;~  calcium  stabilizes  against  such  depolarization."*^^  The 
insecticides  DDT,  pyrethrin,  and  naphthalene  have  non-polar  groups  which 
are  very  active  in  reducing  membrane  stability.^-'' 

Acetylcholine  (ACh)  is  involved  in  neuro-transmission  in  one  or  more 
unknown  ways.  It  is  normally  bound,  presumably  to  protein,  and  may  be 
released  in  excitation.  However,  the  distribution  of  acetylcholine  is  not 
well  correlated  with  nervous  function  (see  Table  77),  and  its  high  con- 
centration in  such  organs  as  spleen  and  placenta  can  hardly  be  connected 


A 


B 


Fig.  295.  Types  of  cholinesterase.  Enzyme  from,  A,  hum,an  serum,  B,  squid  ganglion, 
and  C,  nucleus  caudatus  (beef),  h,  Activity  of  enzyme;  pS,  negative  log  molar  concen- 
tration of  substrate.  Substrates:  Ach,  acetylcholine;  PrCh,  propionylcholine;  BuCh, 
butyrylcholine;  TA,  triacetin.   Modified  from  Augustinson.^ 

with  propagation.  The  lowest  concentrations  of  ACh  are  in  those  parts  of 
the  nervous  system  which  are  most  sensitive  to  asphyxia  and  several  bits  of 
evidence  suggest  that  it  may  be  involved  in  some  oxidative  system.^-^  An- 
other hypothesis  is  that  ACh  is  important  in  determining  permeability  and 
that  liberated  ACh  makes  the  membrane  permeable  to  potassium  and  so- 
dium.^"^^  This  hypothesis  is  supported  by  evidence  regarding  permeability  of 
nerve  and  red  blood  cells.  A  third  hypothesis^'^  is  based  on  the  fact  that  ACh 
has  a  powerful  electrochemical  action  at  certain  oil-saline  interfaces  and  sug- 
gests that  released  ACh  may  cause  the  local  electronegativity. 
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Whatever  the  function  of  ACh,  it  is  certain  that  even  the  molecular  lip- 
oid layer  of  squid  giant  axons  is  virtually  impermeable  to  ACh  (a  quater- 
nary amine),  whereas  it  is  readily  penetrated  by  trimethyl  amine.  In  regions 
where  lipoid  membranes  are  absent  (or  altered),  as  at  junctions,  low  con- 
centrations of  ACh  are  exciting  and  higher  concentrations  are  depressant. 
Complete  (more  than  90  per  cent)  inhibition  of  cholinesterase  abolishes 
nerve  conduction,  presumably  by  permitting  accumulation  of  depressant 
concentrations  of  acetylcholine.^"*  Quaternary  anti-esterases  such  as  prostig- 
mine  and  curare  fail  to  penetrate  nerve  fibers  but  physostigmine  and  dipro- 
pylfluoro  phosphate  (DFP)  penetrate  and  block  conduction.  The  action 
of  the  toxic  agent,  DFP,  and  of  the  insecticides  hexaethyl  tetraphosphate 
and  tetraethyl  pyrophosphate  appears  to  be  due  to  their  anti-esterase  prop- 
erties.^'' Cholinesterase  is  widely  distributed,  is  concentrated  in  the  axon 
sheath  (squid  giant  fiber),  and  has  very  high   turnover  number.^*'^ 

Two  types  of  cholinesterase  have  been  identified.  One  (Fig.  295,  A)  is 
found  in  mammalian  blood  serum  and  in  the  dart  sac  of  Helix.  This  is  not 
specific  for  acetylcholine;  it  splits  propionylcholine  and  butyrylcholine  at 
higher  rates,  and  it  is  not  inhibited  by  high  concentrations  of  acetylcholine. 
The  other  type  (Fig.  295,  B,  C)  is  characteristic  of  all  excitable  tissues, 
nerve,  muscle,  and  electric  organs;  this  splits  acetylcholine  at  a  higher  rate 
than  other  choline  esters  and  shows  a  sharp  optimal  ACh  concentration.^* 

The  chemical  events  underlying  the  electrical  activity  are  probably  simi- 
lar in  all  nerves.  However,  quantitative  differences  among  nerves  and  ani- 
mals may  be  used  in  learning  the  significance  of  different  steps  in  the  com- 
plex chain  of  events. 

Speed  of  Conduction.  The  speed  of  conduction  in  nerve  fibers  and  nerve 
tracts  differs  from  animal  to  animal  and  in  different  parts  of  the  same  ani- 
mal. Five  morphological  adaptations  of  nerves  correlate  with  increased 
speed  of  reaction  among  animals:  length  of  nerve  processes,  fiber  diameter, 
myelin  sheath,  nodes,  and  giant  neurones.  There  are  probably  intrinsic 
differences  among  the  nerve  fiber  membranes  as  well. 

Length  of  Nerve  Processes.  Animals  increase  their  speed  of  reaction  by 
the  lengthening  of  conducting  processes.  A  message  travels  more  quickly 
by  a  single  long  fiber  than  when  it  has  to  pass  through  numerous  synapses, 
with  a  delay  at  each.  In  many  coelenterates  the  nervous  system  consists  of 
a  network  of  multipolar  and  bipolar  neurones  whose  processes  have  been 
traced  for  several  millimeters.^^  Conduction  in  this  network  is  slow,  less 
than  0.5  M./sec.  (Table  75).  In  some  coelenterates  through  tracts  of  con- 
tinuous fibers  exist  for  rapid  conduction. ^^^  In  general,  fast-moving  animals 
have  some  nerve  tracts  consisting  of  long  single  fibers.  Giant  fiber  conduc- 
tion in  annelids  and  arthropods  is  more  rapid  than  conduction  through  the 
neuropile  or  small  fiber  mass  in  their  ganglion  chains. 

Fiher  Diameter.  In  mixed  nerves  of  frogs  and  mammals  speed  of  con- 
duction is  proportional  to  some  function  of  the  fiber  diameter.  The  fiber- 
diameter/velocity  correspondence  has  not  been  investigated  for  the  entire 
spectrum  of  any  invertebrate  nerves.  However,  there  is  no  doubt  that  faster 
animals  have  some  large  motor  nerve  fibers,  and  in  slower  animals  most 
nerve  fibers  are  small. 
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TARl  F  7^ 
VELOCITY  OF  CONDUCTION  IN  NERVE  NETS  AND  GANGLIONIC  CHAINS 


Animal 

Temperature  (°C.)                     Velocity  m./sec. 

Nerve  nets  of  coelenterates  (velocity  of  contractile  waves) 

Metridium"* 

21 

0.121-0.146 

Calliacris^" 

(net) 

0.04-0.15 

(through  tracts) 

1.2 

Physalia  filaments"" 

26 

0.121 

Cassiopea^** 

18 

0.136-0.234 

Cassiopea^ 

0.15-1.2 

Mastigias-^" 

25.5 

0.57 

Renilla^'^ 

(muscular  wave) 

21 

0.078 

(luminescent  wave) 

21 

0.074 

Ganglionic  cords  (neuro^ile  conduction) 

Annelids 

Earthwonn^' 

0.6 

Leech^" 

0.4 

Earthworm'" 

0.02-0.03 

Cerebratulus''^' 

0.059-0.09 

Aphrodite^^ 

0.545 

Myriapods 

Scolopendra^ 

2.5  (giant?) 

Julus^'^" 

0.2 

Himantarium'^ 

0.28 

Crustacea 

Cambarus^ 

1.2 

The  numerical  relationship  of  velocity  to  fiber  size  differs  according  to 
fiber  type  and  sheath  characteristics.  In  mammalian  A  fibers  the  velocity 
in  meters  per  second  numerically  equals  the  diameter  in  microns  times  a 
constant  (approximately  6  or  7^^^^'  ^^^'  ^^^  In  giant  fibers  of  the  squid 
velocity  increases  as  the  diameter  raised  to  the  0.61  power.^''^''  Nerve  fibers 
are  attenuated  near  their  terminations,  and  here  conduction  is  slow. 

Table  76  gives  the  velocities  in  moist  air  and,  where  possible,  the  total 
fiber  diameters  in  a  variety  of  nerve  fibers.  The  general  relationship  between 
diameter  and  velocity  holds.  Velocities  in  situ  are  sHghtly  greater.  The 
most  striking  instance  of  large  fiber  diameter  and  rapid  conduction  is  in 
the  giant  fibers  of  crustaceans,  cephalopods,  and  annelids,  which  may  have 
diameters  of  tens  of  microns  or  even  several  hundred  microns,  and  conduct 
many  times  faster  than  the  smaller  fibers  of  these  animals.  Insects  in  gen- 
eral have  very  small  nerve  fibers  but  conduction  distances  are  short,  hence 
fast  conduction  is  less  important  to  the  animal  than  a  large  number  of  fibers. 
Mosquito  larvae  have  fibers  less  than  1-2  fi  in  diameter,  although  cock- 
roaches have  some  fibers  as  large  as  10  ;u.  in  diameter.^^''^ 

Excitation  times  also  vary  inversely  with  fiber  diameters,  i.e.,  fast  fibers 
have  short  chronaxies  although  for  a  given  fiber  type  chronaxies  are  rela- 
tively constant  over  wide  ranges  in  size.^^®-  ^^"^ 
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TABLE  76.  VELOCITY  OF  CONDUCTION  IN  SELECTED  NERVE  FIBERS  AS 

RELATED  TO  FIBER  SIZE  AND  SHEATH  THICKNESS 

(VELOCITY  IN  MOIST  AIR) 


Axis 

Fiber 

Cylinder 

Animal 

Nerve 

Diameter 

Diameter/ 

Tempera- 

Velocity 

(micra) 

Fiber 
Diameter 

ture"  C. 

M./sec. 

Mammals 

Ca^' 

spinocerebellar 
tract 

10-18 

38 

119    (av.) 

D0g39»,      IK. 

saphenous 

14.4-17 

0.82 

38 

72-83 

Dog^=« 

n.   lingualis 

13.5 

38 

69.1 

Cat^*^-  '" 

saphenous 

13-15 

0.71 

38 

80-82 

Cat^-^ 

saphenous 

7-9 

0.69 

38 

60 

Dog^^ 

chorda  tympani 

8.2 

38 

36.4 

Dog^- 

saphenous 

5 

0.6 

38 

20 

Cat^"" 

saphenous 

2 

0.3 

Rabbit'*'' 

depressor 

2-4 

38 

5 

Cat^" 

sympathetic 

very  thin 
sheathed 

38 

1-2 

Amphibians  and  reptiles 

Frog^^'^o 

sensory  root 

18.5,    14, 
11 

5.8 

21.5 

42,  25,  17 

Frog''^« 

sciatic 

6-16,   2-3 

0.7,  0.5 

Frog^« 

B2  fibers 

small 

hin  myelin 

3-4.5 

Frog"« 

C  fibers 

2.5 

non-myel. 

very  thin 

sheath 

0.4-0.5 

Turtle*" 

sympathetic 

very  thin 
sheath 

0.3-0.8 

Arthropods 

Maja-""" 

leg    nerve 

10-20,  4-8, 
1-3 

23-25 

2.5-3-7, 
1.1-1.7, 
0.1-0.5 

Carcinus^'" 

leg   nerve 

30 

very  thin 
sheath 

21 

3.5  in  oil 

Callinectes^''   leg    nerve 

4.8,    1.5 

Munida^        leg   nerve 

50 

very  thin 
sheath 

17 

6.4 

Homarus'*' ' 

'"  leg    nerve 

12,    9.2,    1.8 

Leander^ 

<io 

0.53 

Limulus^"' 

leg   nerve 

4.6,  1.3 

Cockroach'"®    cereal  nerve 

5.6,  1.5 

Cockroach'^" 

central   fibers 

10-20 

0.9-0.95 

Molluscs 

Helix"" 

n.    intestinalis 

0.05-0.4 

Ariolimax===' 

pedal 

15-18 

0.41 

Limax^ 

pedal 

1.4 

Pleuro- 

branchaea"-  pedal 

12-15 

0.78 

Mytilus'"' 

pedal 

0.64 

Sepia"* 

mantle 

<50 

3.5,  2.26 

Sepia"* 

fin 

5.1 

Sepia^ 

stellar 

3,  1.5 
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TABLE  76  (continued) 

VELOCITY  OF  CONDUCTION  IN  SELECTED  NERVE  FIBERS  AS  RELATED 

TO  FIBER  SIZE  AND  SHEATH  THICKNESS  (VELOCITY  IN  MOIST  AIR) 


Axis 

Fiber 

Cylinder 

Animal 

Nerve 

Diameter 

Diameter/ 

Tempera- 

Velocity 

(micra) 

Fiber 
Diameter 

ture"  C. 

M./sec. 

0.32,  0.22 

Loligo*^" 

42.6  (av.) 

21-22 

4.6  Cav.) 

Loligo^ 

fin 

4.3 

Loligo=^« 

fin 

16,  2.5 

Giant  nerve  fibers 

Vertebrates 

Ameiurus"® 

Mauthner 

22-43 

0.59-0.56 

10-15 

50-60 

Arthopods 

Camba- 

median 

100-250 

20 

15-20 

-  ,,.432,      433 

rus 

lateral 

70-150 

20 

10-15 

Leander^* 

35 

0.77 

17 

18-23  in 
oil 

Munida=^ 

50 

thin  sheath 

17 

6.4 

Shrimp'"'* 

>25 
<8 

0.87 
metatropic 

Annelids 

Lumbricus 

median 

>40, 

0.9 

10-12 

17-25 

887,     134.     391 

^B, 

64 

15-45 

63,     370 

20 

lateral 

37 

10-12 

7-12 

<11 

metatropic 

5-15 
10 

Neanthes^ 

15,5.4 
2.5 

Molluscs 

Sepia""" 

147 

7.7 

Loligo""" 

718,  589, 
335 

22.3,  20.6 
13.7 

Loligo'^ 

280-400 

22 

20 

Loligo" 

400-500 

>0.99 
metatropic 

Nerve  Fiber  Sheath.  In  addition  to  fiber  diameter,  the  existence  of  a  lip- 
oid sheath  around  the  axon  is  directly  correlated  with  velocity  of  conduc- 
tion. Among  vertebrates  the  larger  fast  motor  and  sensory  fibers  have  mye- 
lin sheaths  u'hich  blacken  with  osmic  acid  and  can  be  readily  measured, 
whereas  the  slow  small  sympathetic  fibers  are  said  to  be  non-myelinated. 
When  examined  in  polarized  light  the  larger  fibers  are  seen  to  be  positively 
birefringent  with  respect  to  their  radially  directed  optic  axis;  this  is  due  to  the 
Hpoid  sheath  and  the  fibers  are  called  myelotropic.  The  birefringence  in  frog 
fibers  is  nearly  constant  among  fibers  9  fiox  more  in  diameter  but  diminishes  in 
smaller  fibers  until  it  is  zero  at  2  fx,  and  below  that  size  it  reverses  sign.^^* 
The  birefringence  of  the  "non-medullated"  fibers,  on  the  other  hand,  is 
normally  negative  with  respect  to  the  radial  axis,  is  due  to  proteins,  and  can 
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be  counterbalanced  by  immersion  in  glycerin  of  the  same  refractive  index, 
whereupon  a  slight  positive  birefringence  appears;  these  fibers  are  said  to  be 
metatropic. 

Most  invertebrate  nerve  fibers  are  said  to  be  "non-myelinated,"  but  in 
many  of  them  examination  with  polarized  light  reveals  a  thin  outer  layer 
which  is  positively  birefringent  with  respect  to  the  radial  axis.^^-  ^'^^  Certain 
fibers  of  crabs  and  shrimps,  and  of  cockroaches  and  other  insects,  Nereis,  etc., 
are  metatropic.^^'^-  ^^^  The  protein  layer  has  a  refractive  index  of  1.58  in  fibers 
from  lobster  cord,  frog  motor  root,  and  cat  corpus  callosum.^^  The  reversal 
in  sign  in  glycerin  reveals  a  thin  lipoid  layer  which  in  insects  may  even 
stain  with  sudan  dyes.^'*'^  This  layer  can  be  removed  with  fat  solvents.  As 
the  diameter  increases,  the  positive  birefringence  decreases  so  that  earth- 
worm giant  fibers  are  weakly  myelotropic  above  1 1  /x,  and  shrimp  giant  fibers 
above  8  /x,^'-*^  as  compared  with  frog  fibers,  above  2  /x.^^^  In  giant  fibers  of  the 
prawn,  Leander,  the  ratio  of  axis  cylinder  to  total  fiber  diameter  is  0.53  for 
fibers  smaller  than  10  ^,  0.69  for  10-20  /x  fibers,  and  0.77  for  20-50  /x  fibers.^o" 
Squid  giant  fibers  are  uniformly  positive  with  respect  to  length  (negative  to 
radial  axis)  regardless  of  diameter,  but  when  immersed  in  glycerin  a  lipoid 
sheath  is  demonstrated  which  is  less  than  1  per  cent  of  the  fiber  diameter.^^ 
In  summary,  most  invertebrate  fibers,  except  large  giant  fibers  of  earthworm 
and  shrimp,  resemble  vertebrate  thinly  myelinated  fibers  in  optical  properties— 
a  thin  lipoid  sheath  masked  by  protein.  Some  lipoid  is  probably  present  out- 
side all  nerve  fibers. 

The  fastest  vertebrate  fibers  are  of  medium  size  (4  -  15  /x)  but  have  thick 
sheaths  (30-50  per  cent  of  total  fiber  diameter),  whereas  the  fastest  fibers 
of  invertebrates  are  large  (50  to  several  hundred  microns)  but  have  thin 
sheaths  (1  —  10  per  cent  of  the  diameter— Table  76).  In  both  these  types 
of  fibers  the  ratio  of  axis  cylinder  to  total  fiber  diameter  usually  increases  with 
increase  in  size  of  the  fibers,  up  to  some  critical  size.  Taylor^^^  summarized 
the  relation  between  diameter,  sheath,  and  velocity  as  follows:  4  /x  fiber  of 
the  cat  saphenous  at  38°  conducts  at  about  the  same  rate  (25  M./sec.)  as  a 
650  fx  squid  giant  axon  at  20°.  Assuming  a  Qio  of  1.5,  an  8  /x  cat  saphenous 
fiber  would  conduct  at  20°  at  the  same  rate  as  the  650  /x  squid  giant  fiber. 
The  myelin  sheath  of  the  mammalian  fiber  constitutes  some  42  per  cent  of 
its  total  diameter,  whereas  in  the  squid  giant  fiber  the  sheath  is  about  1  per 
cent  of  the  fiber  diameter. 

Many  invertebrate  nerve  fibers  also  have  a  connective  tissue  and  glial 
sheath.  In  some  invertebrate  fibers  (prawn,'°^  squid^"*"*),  connective  tissue 
cells  lie  between  the  thin  lipoid  sheath  and  the  axon.  There  is  no  evidence 
that  the  connective  tissue  sheath  speeds  conduction. 

Nodes.  Some  effects  of  polarization  can  be  explained  by  the  assumption 
that  impulses  in  frog  medullated  nerve  travel  in  a  saltatory  fashion  from  node 
to  node.^^**  There  are  regions  of  thinning  of  the  sheath  in  shrimp  giant 
fibers.^*'^'  ^'^'^  However,  dependence  on  sheath  and  nodes  for  speed  is  largely 
a  vertebrate  adaptation.  Myelinated  spinal  tracts  conduct  rapidly  but  lack 
nodes.^"^ 

Giant  Fibers.  There  are  two  types  of  giant  fiber  systems.  Each  has  ap- 
parently evolved  independently  several  times.  The  first  type  consists  of  a 
single  large  or  giant  cell  which  gives  rise  to  a  single  large  axon.    The  second 
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type  consists  of  a  syncytium  in  which  processes  from  a  number  of  nerve  cells 
fuse  to  form  a  single  giant  axon.  Unicellular  giant  fibers  are  found  in 
nemerteans  and  cestode  worms,  in  numerous  polychaetes,  in  balanoglossids, 
and  in  lower  vertebrates.  In  the  polychaete  Halla,^^  for  example,  there  are 
groups  of  unipolar  giant  cells  30  -  150  yu,  in  diameter  in  each  ganglion  of 
the  first  few  segments;  these  give  rise  to  fibers  up  to  40  fx.  thick  which  may 
run  the  length  of  the  worm.  Similar  unicellular  giant  fibers  have  been  de- 
scribed in  other  worms.  Typically,  in  balanoglossids  there  are  about  a  dozen  to 
150  giant  cells,  usually  in  the  collar  nerve  cord;  these  give  rise  to  large  (3-6 
yu.)  fibers  which  run  back  in  the  nerve  cord  and  eventually  dwindle  in  size 
to  merge  with  the  ordinary  (1  /t)  fibers.'^^'  ^^^  Nerve  cells  of  the  unicellular 
type  of  giant  fiber,  Mauthner  and  Miiller  cells,  occur  in  the  base  of  the 
medulla  as  part  of  the  vestibular  reflex  system  of  bony  fishes,  urodeles,  and 
tadpoles  of  anurans.  These  fibers,  22-43  /i,  in  diameter,  conduct  at  50-60 
M./sec.  at  10-15°  C.  (Table  76).i6» 

The  multicellular  or  syncytial  type  of  giant  fiber  system  has  been  de- 
scribed in  annelids,  crustaceans,  and  cephalopod  molluscs. 

In  the  ventral  nerve  cord  of  the  earthworm  there  are  in  each  segment 
several  cells  which  send  axons  to  the  three  dorsal  giant  fibers,  which  occur 
as  one  median  and  two  smaller  lateral  fibers.  These  giant  fibers  run  the 
full  length  of  the  ventral  nerve  cord  and  give  off  segmental  branches  to 
motor  neurones  in  the  cord.  The  median  giant  fiber  is  connected  in  each  seg- 
ment to  approximately  two  pairs  of  giant  cells  and  each  lateral  giant  fiber  to 
approximately  one  pair  of  giant  cells.^"'^'  The  lateral  giant  fibers  are  also  con- 
nected with  each  other.  In  addition  to  the  three  dorsal  giant  fibers  there 
are  two  smaller  ventral  ones.^^^-  ^^^  At  each  segment  there  is  in  the  giant 
fibers  an  oblique  partition,  the  two  sides  of  which  stain  differently.'^^'  ^^^ 

Evidence  from  cutting  the  giant  fibers,  from  regeneration,  from  blocking  by 
drugs,  and  from  embryonic  development  indicates  that  in  the  earthworm  the 
giant  fibers  are  responsible  for  quick  end-to-end  "startle"  contractions.^^'  *^® 
Stough^^-  cut  single  giant  fibers  and  concluded  that  the  median  one  conducts 
posteriorly  and  the  two  lateral  ones  conduct  anteriorly.  Action  potentials,^^^ 
however,  showed  that  conduction  is  equally  good  in  eUher  direction  in  each 
fiber.  Bullock"^®  settled  the  disagreement  by  showing  that  the  median  fiber  is 
normally  excited  by  sensory  stimulation  in  the  anterior  forty  segments, 
whereas  the  lateral  fibers  are  excited  by  sense  organs  behind  that  level.  The 
two  lateral  fibers  and  the  median  fiber  form  two  separate  conduction  and  ex- 
citability systems-;  cross  connections  between  the  lateral  fibers  were  shown  by 
conduction  which  continued  when  right  and  left  fibers  were  alternately 
cut.^''°  Usefulness  of  the  giant  fiber  system,  particularly  in  protective  with- 
drawal reactions,  is  indicated  by  the  great  difference  in  speed  of  conduc- 
tion: conduction  in  the  smaller  fibers  of  the  cord  (including  synapses)  is 
about  0.025  M./sec.,^^  whereas  in  the  lateral  giant  fibers  it  is  7-12M./sec. 
and  in  the  median  fiber  it  is  17-45  M./sec,  depending  on  fiber  size.'^*'-  ^^* 
Some  polychaete  worms  have  no  giant  nerve  fibers  (e.g.,  Afhrodita,  Chae- 
tof terns')  J  others  have  only  one  QArenicola,  Pista),  and  still  others  have 
several,  as  shown  both  by  the  action  potentials  in  their  nerve  cords  and  "by 
histological  examination  QNeanthes,  Glycera).^^  The  junctions  in  Neanthes 
are  complex  and  are  polarized  histologically  but  not  physiologically. 
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Among  Crustacea  giant  fiber  systems  have  been  described  in  the  cray- 
fish, the  lobster,  and  the  prawns  Palaemonetes  and  Leander.  In  the  cray- 
fish"^ there  are  three  kinds  of  giant  fiber:  median,  lateral,  and  motor.  The 
paired  median  giant  fibers  start  in  the  brain  (at  least  in  the  crayfish),  de- 
cussate there,  and  pass  to  the  ventral  nerve  cord.  The  lateral  fibers  occur  in 
thoracic  and  abdominal  ganglia  and  consist  of  segmental  units  which  ap- 
pear to  overlap  in  long  side-by-side  contacts;  they  presumably  are  made  up 
of  processes  from  ganglion  cells  in  each  segment.  Branches  are  given  off 
from  the  laterals  and  medians  to  motor  giant  fibers  in  each  segment.  The 
motor  fibers  have  their  cell  bodies  in  one  segment,  decussate,  and  pass  out 
in  the  posterior  nerve  of  that  segment. ---'^  Stimulation  of  the  giant  fiber  sys- 
tem elicits  quick  flipping  of  the  abdomen^^^  and  causes  extension  and 
drawing  together  of  antennae.^^-' ^^^  The  median  and  lateral  systems  inde- 
pendently activate  the  same  motor  fibers.  The  median  and  lateral  giant  fi- 
bers of  the  crayfish  conduct  equally  well  in  both  directions,  but  transmission 
to  the  motor  giant  fibers  is  polarized.  Crossing  occurs  from  one  lateral  giant 
to  the  other  in  0.5  msec,  but  there  is  no  crossing  between  the  two  median 
fibers.  There  is  no  appreciable  delay  (less  than  0.1  msec.)  at  the  segmental 
junctions  of  the  lateral  giants.  Summation  of  the  motor  response  occurs  if 
the  faster  median  fibers  are  stimulated  before  the  laterals.  Probably  the  me- 
dian giants  are  normally  activated  only  in  the  brain,  and  the  laterals  at  any 
ganglion  behind  the  fourth  thoracic. 

In  the  prawn,  Leander, -^^  two  types  of  synapse  exist:  oblique  regions  of 
apposition  between  the  lateral  fibers  in  each  segment,  and  typical  boutons 
at  the  points  of  contact  of  processes  from  both  median  and  lateral  with  the 
motor  fibers.  The  median  giant  fibers  show  incomplete  septa.  Transec- 
tion of  the  cord  at  various  points  failed  to  produce  degeneration  of  the  med- 
ian or  lateral  giant  fibers.  In  Leander  the  motor  giant  fibers  do  not  show 
myelination  from  the  cell  body  to  their  synapse  but  are  myelinated  from  that 
point  out  to  the  muscles. 

The  cephalopod  molluscs  have  a  giant  fiber  system  which  is  intermediate 
between  the  unicellular  type  and  the  segmentally  fused  type.  The  cephalo- 
pod system  has  been  studied  by  Young.'^*^-  *'*^'  '*^^  In  the  decapods  (squids) 
a  pair  of  giant  cells  lie  at  the  posterior  end  of  the  pedal  ganglion  portion 
of  the  brain;  their  processes  fuse  and  cross,  then  synapse  in  the  visceral 
part  of  the  brain  with  cell  processes  which  run  out  in  mantle  nerves.  These 
synapse  with  a  third  set  of  giant  fibers  in  the  stellate  or  mantle  ganglion. 
From  the  stellate  ganglion  some  dozen  nerves  pass  out  to  the  muscles  of 
the  mantle;  each  nerve  contains  one  giant  fiber,  which  may  be  as  much 
as  800  jx  in  diameter,  plus  many  1  jx  fibers.  Each  third  order  giant  axon 
arises  by  the  fusion  of  processes  from  300-1500  cells  in  the  stellate  gan- 
glia. Each  giant  axon  serves  the  circular  muscles  of  a  large  area  of  the 
mantle,  and  the  largest  fibers  pass  to  the  posterior  part  of  the  mantle  so  that 
impulses  arrive  nearly  simultaneously  in  the  entire  mantle.^*-  Velocities  of 
conduction  m  fibers  30-718  /a  in  diameter  range  from  2.7  to  22.8  M./sec. 
at  20°  (Table  76).  Stimulation  of  a  giant  fiber  elicits  a  maximal  contraction 
at  threshold, '*^^  and  there  is  no  increase  in  tension  with  increasing  frequency 
of  stimulation,  hence  the  one  syncytial  fiber  with  a  large  area  of  circular 
muscle  constitutes  a  motor  unit.  The  contractile  response  forces  water  out 
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of  the  mantle  cavity,  thus  sending  the  animal  backward  or  forward,  accord- 
ing to  the  funnel  angle;  this  escape  or  predatory  reaction  is,  according  to 
Young,  twice  as  fast  by  virtue  of  the  giant  fiber  system  as  it  would  be  with- 
out it. 

Young*^^  has  described  an  interesting  series  among  cephalopods  (Fig. 
296).  In  the  decapod  Sepia  the  cells  contributing  to  the  large  giant  fibers 
are  scattered  through  the  stellate  ganglion.  In  Loligo  these  cells  are  confined 
to  one  posterior  lobe,  whereas  in  the  octopods  Eledone  and  Octopus  the  lobe 
is  present  and  contains  cells  which  may  resemble  neurones  but  which  lack 
true  processes.  This  lobe,  the  epistellar  body,  receives  the  secondary  giant 
fibers  from  the  visceral  ganglion;  its  possible  neurosecretory  function  is  in- 
dicated by  an  atonia  of  the  mantle  after  removal  of  the  epistellar  body. 


m.c 


Fig.  296.  Comparison  of  stellate  ganglion  of.  A,  Sepia,  B,  Loligo,  and  C,  Eledone. 
m.c,  Mantle  connective  (from  brain  mass);  Tp.g.f-,  preganglionic  fiber;  ep.  epistellar  lobe. 
From  Young.^" 

Giant  nerve  fibers  have  evolved  many  times.  They  are  absent  from  ani- 
mals closely  related  to  animals  which  have  them.  For  example,  giant  fibers 
are  found  in  only  a  few  polychaetes,  are  absent  from  crabs  but  present  in 
shrimps  and  prawns,  absent  from  octopods  but  present  in  decapods,  absent 
from  adult  anurans  but  present  in  urodeles.  Wherever  they  are  present  they 
seem  to  function  in  rapid  escape  reactions;  they  are  efficient,  since  one  nerve 
impulse  in  a  giant  fiber  can  activate  muscles  of  a  wide  body  area.  A  single 
nervous  unit  carries  out  a  complex  fast  response. 

Interneuronic  Transmission,  Continuity  versus  Contiguity.  In  all  nerve 
centers  the  axons  branch  extensively  and  terminate  on  the  dendrites  and 
cell  body  of  the  receiving  neurone— rarely  also  on  its  axon.  The  pattern  of 
dendrites  differs  greatly  according  to  the  nerve  center,  and  for  many  years 
histologists  disagreed  as  to  whether  there  is  continuity  or  contiguity  be- 
tween neurones.  With  the  introduction  of  cytological  fixation  methods  and 
degeneration  experiments  the  argument  seems  well  settled  in  favor  of  con- 
tiguity. The  fine  axon  branches  often  terminate  in  enlargements,  boutons; 
in  numerous  preparations  two  separate  membranes  can  be  seen— Mauthner 
cells  of  urodeles^s.  47. 48  (^ig.  297,  A),  oculomotor  nucleus  of  fish  (Fig.  297, 
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B),  anterior  horn  cells  of  spinal  cord,^"**  and  giant  cells  in  stellate  ganglion 
of  cephalopods.^^"* 

Even  in  nerve  nets  of  coelenterates,  where  anastomoses  have  been  de- 
scribed many  times  in  silver-stained  network,  vital  stains  show  that  the  pro- 
cesses of  the  neurones  actually  intertwine  or  run  along  parallel  with  one 
another,  but  the  libers  do  not  fuse.  These  net  "synapses"  are  not  structurally 
polarized,  as  are  synaptic  boutons;  as  much  surface  of  one  neurone  as  of 
the  other  is  exposed  at  an  apposition  synapse.  Similarly,  the  junctions  be- 
tween segments  of  giant  fibers  in  earthworms  and  crustaceans  are  contigu- 
ous but  the  surfaces  are  equal;  these  are  monosynaptic  junctions."*^  In  bouton 


--^^5^--^^ 


By 

\  lb 

Fig.  297.  Figures  of  polysynaptic  junctions.  A,  Endings  of  axons  on  dendrite  of  a 
giant  Mauthner  cell  of  catfish,  Ameiurus.  From  Bartelmez  and  Hoerr.**  B,  Branching 
axon  ending  in  bulbs  and  club  endings  on  a  cell  in  the  oculomotor  nucleus  of  the  gold- 
fish.   From  Bodian."^ 


and  basket  synapses  (polysynaptic  junctions)  the  branches  from  several  axons 
converge  onto  one  receiving  neurone,  and  the  total  active  surface  of  the  re- 
ceiving neurone  is  much  greater  than  that  of  any  one  incoming  axon. 

Polarity.  Synaptic  transmission  usually  occurs  in  only  one  direction,  ortho- 
dromically;  antidromic  (backward)  impulses  stop  at  the  receiving  neurone 
soma  (cell  body  and  dendrites).  One  explanation  of  polarized  transmission 
lies  in  the  fact  that  in  such  centers  as  sympathetic  ganglia  acetylcholine  is 
liberated  in  appreciable  amounts  only  at  preganglionic  axon  terminations, 
not  by  antidromic  impulses.  A  second  esxplanation  of  polarity  is  that  a  cer- 
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tain  area  of  a  neurone  must  be  depolarized  for  it  to  be  excited.-''^  The  area 
of  the  boutons  of  one  axon  is  insufficient  for  antidromic  excitation  of  that 
axon.  Hence  impulses  can  summate  from  various  converging  axons  and  ex- 
cite a  motoneurone,  but  they  cannot  pass  in  the  opposite  direction.^''* 

In  synaptic  systems  which  are  not  structurally  polarized,  impulses  can  be 
conducted  in  either  direction,  as  across  giant  fiber  septa  and  nerve  net  junc- 
tions. In  coelenterate  nerve  nets,  conduction  is  diffuse  and  essentially  equal 
in  all  directions.^^"^'  ^^^  If  interdigitating  lateral  or  central  incisions  are  made 
in  a  jellyfish  or  if  the  animal  is  cut  into  a  zig-zag  strip  or  into  a  central  disc 
connected  by  a  narrow  neck  to  an  outer  ring,  impulses  pass  around  corners  and 
in  both  directions,  so  long  as  nervous  tissue  is  present.  That  this  diffuse  con- 
duction is  nervous  is  shown  by  conduction  in  areas  where  muscles  are  ab- 
sent but  nerve  fibers  present,^^*^  in  regenerating  areas  where  conducting  but 
not  contracting  tissue  is  present,  and  in  preparations  paralyzed  with  cur- 
3jrg366  Qj.  magnesium. ^■*-  -^^'  ^^^  Similar  conduction  across  narrow  nerve 
bridges  occurs  in  sea  anemones^^^  and  from  zooid  to  zooid  in  colonial  coel- 
enterates  such  as  Renilla.^^^  In  sea  anemones,  however,  there  is  some  polar- 
ity. Responses  of  the  free  end  and  of  the  central  cut  end  of  tentacles  dif- 
jfgj  313,  315  Through  conducting  tracts  occur,  particularly  in  mesenteries, 
where  velocities  of  1.2  M./sec.  exist,  in  contrast  to  local  conduction  at 
0.04-0.15  M./sec.  The  velocity  of  conduction  varies  in  different  regions  of 
an  anemone. ^^^  It  is  possible  that  polarity  is  imposed  by  differences  in  fa- 
cilitation for  conduction  in  different  directions. 

The  transverse  septa  of  giant  fibers  are  not  polarized  in  Lumhricus,  nor 
are  the  more  complex  overlapping  junctions  of  giant  fibers  in  Neanihes^^ 
and  Cambarus^^^  It  is  likely  that  all  non-polarized  junctions  are  monosyn- 
aptic, and  that  polarized  junctions  are  polysynaptic. 

The  Synaptic  Transmitter.  Synaptic  transmission  is  a  complex  series  of 
events  and  little  is  really  known  of  the  sequence  and  role  of  the  different 
agents.  Several  suggestions  have  been  made  as  to  the  mode  of  transmission  of 
excitation  from  the  axon  to  the  receiving  neurone.  Several  agents  and  mech- 
anisms have  been  proposed,  including:  (1)  acetylcholine;  (2)  inorganic 
ionic  changes;  and  (3)  electric  current. 

ACETYLCHOLINE.  In  previous  chapters  it  was  shown  that  many  cardio- 
regulator  nerve  endings  and  some  motor  endings  on  muscles  are  cholinergic 
(acetylcholine  liberated  at  the  junction),  and  some  others  are  adrenergic 
(adrenin  liberated  at  the  junction).  The  only  interneuronic  junctions  at 
which  liberation  of  acetylcholine  has  been  definitely  demonstrated  during 
transmission  are  those  of  sympathetic  ganglia.  The  superior  cervical  gan- 
glion of  the  cat  can  be  perfused  by  a  branch  of  the  carotid  artery  and  the 
perfusate  collected  from  the  internal  jugular  vein.  When  the  preganglionic 
nerve  trunk  is  stimulated  and  the  ganglion  eserinized,  acetylcholine  is  lib- 
erated into  the  perfusate  in  amounts  corresponding  to  the  number  of  im- 
pulses entering  the  ganglion. ^^^  Injected  acetylcholine  stimulates  ganglion 
cells  to  discharge.  Acetylcholine  is  not  liberated  in  appreciable  amounts  by 
antidromic  impulses,  but  it  is  still  liberated  on  preganglionic  stimulation 
after  transmission  to  the  postganglionic  neurones  is  blocked  by  nicotine, 
curare,  etc.  Physostigmine  (eserine)  protects  against  destruction  by  cholin- 
esterase  of  the  Uberated  ACh  and  sensitizes  the  ganghon  cells  to  ACh.^^^ 
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When  small  amounts  of  ACh  are  injected  and  at  the  same  time  a  few  pre- 
ganglionic fibers  are  stimulated,  the  two  stimuli  add,  producing  a  response 
m  more  ganglion  cells.^-  There  is  no  doubt  that  acetylchoHne  is  liberated 
from  some  structure  in  sympathetic  ganglia  and  that  it  excites  ganglionic 
neurones,  but  it  does  not  follow  that  it  is  the  transmitter. 

In  central  nervous  systems  there  are  suggestions  but  no  proof  that  acetyl- 
choline functions  in  synaptic  transmission.  The  literature  is  extensive  on  the 
effects  of  ACh  in  mammalian  and  amphibian  nervous  systems^^^  and 
in  invertebrate  nervous  systems.^^'''-  ^'^^  Acetylcholine  applied  to  the  cerebral 
cortex  of  mammals  is  excitatory,  particularly  in  high  concentrations  and 
after  eserine.  High  amplitude  spike-like  brain  waves  are  set  up,  and  these 
may  be  associated  with  motor  activity.^"-  The  spinal  cord  is  stimulated  to 
motor  discharge  when  perfused  with  acetylcholine,  particularly  after  sen- 
sitization with  adrenalin,'^^  and  there  are  numerous  instances  of  potentia- 
tion of  central  action  of  acetylcholine  by  adrenalin.  Acetylcholine  potentiates 
salivary  reflexes.^''^  Some  spinal  reflexes  are  depressed  (e.g.,  knee  jerk),  oth- 
ers are  enhanced  (e.g.,  flexors)  by  eserine.'^^-  '^^'^  Eserine  is  without  effect 
on  the  potentials  associated  with  synaptic  transmissions  in  the  spinal  cord, 
and  high  concentrations  of  ACh  depress  the  synaptic  potentials. ^-^^  When 
the  lower  portion  of  the  spinal  cord  of  a  dog  is  perfused  with  eserinized 
Ringer  solution,  ACh  appears  on  stimulation  of  the  sciatic  nerve. ^'  When 
eserine  is  injected  into  cats  x'\Ch  appears  in  the  cerebrospinal  fluid,  and 
there  is  evidence  for  liberation  of  ACh  when  the  vagus  nerve  is  stimu- 
lated.^^ ^  The  variable  and  negative  effects  of  eserine  applied  to  vertebrate 
nervous  systems  probably  result  from  the  very  low  permeability  of  nerve 
membranes  to  eserine  and  the  fact,  as  shown  in  peripheral  nerve,  that  prac- 
tically all  of  the  choHnesterase  must  be  inactivated  before  conduction  is  af- 
fected.-^"-'^-  ^^ 

Measurements  of  the  acetylcholine  content  of  many  nerve  centers  are  not 
always  comparable  because  of  the  rapid  inactivation  of  the  ester  and  the 
uncertainty  regarding  the  manner  in  which  acetylcholine  is  bound,  and  be- 
cause of  the  variable  amounts  free  or  bound.  In  general  (Table  77)  there 
is  more  ACh  in  gray  than  white  matter.  Regions  which  are  sensitive 
to  hypoxia,  such  as  the  cerebrum,  contain  little  ACh.'*-^  The  concentra- 
tion in  sympathetic  ganglia  is  higher  than  in  brain,  and  sensory  fibers  con- 
tain much  less  than  do  motor  fibers.-^'^-  '^~'^  The  enzvme  system  which  syn- 
thesizes ACh  is  very  active  in  cholinergic  neurones  (such  as  lower  motor  and 
preganglionic  sympathetic  neurones)  and  not  so  active  in  non-cholinergic 
nerves  (such  as  sensorv  roots  and  the  optic  nerve). ^^'^  Among  invertebrates 
the  central  nervous  systems  often  contain  more  ACh  than  mammalian  ner- 
vous systems  (Table  77).  Crustacean  ganglia  compare  favorably  with  mam- 
malian sympathetic  ganglia  in  ACh  content,  and  insect  and  cephalopod 
ganglia  contain  the  highest  concentrations  yet  observed.  The  correlation  be- 
tween ACh  content  and  nervous  activity,  however,  is  not  good. 

The  ganglia  of  arthropods,  molluscs,  and  annelids  are  relatively  insensi- 
tive to  acetylcholine  with  or  without  eserine  treatment.  In  Octopus  and 
Eledone  acetylcholine  and  eserine  had  no  apparent  effect  on  the  stellate  gan- 
glion.-" When  applied  to  arthropod  central  nervous  systems  acetylcholine  is 
ineffective  in  causing  the  discharge  of  impulses  except  at  concentrations  as 


Nervous  Systems  795 

high  as  0.1  per  cent  in  the  crayfish,^^*  and  in  the  cockroach.^^''  Injections 
of  large  amounts  (up  to  40  mg.)  into  crabs  CCarcinus  and  Panulirus^  cause 
no  change  in  reflex  activity,^**  although  eserine  and  acetylcholine  facilitate 
autotomy  in  crabs.^-^  Synaptic  transmission  in  the  sixth  abdominal  ganglion 
of  the  crayfish  is  unaffected  by  large  amounts  of  acetylcholine,  physostig- 
mine,  and  prostigmine.^^'*  Acet)']choline  in  a  crayfish  perfusion  saline  does, 
however,  maintain  the  ganglia  in  a  normal  state  of  excitabiUty  for  potas- 
sium.^^^  Transmission  across  the  junctions  from  giant  fibers  to  motor  fibers  in 
the  crayfish  is  not  affected  by  a  series  of  drugs,  including  ACh,  adrenalin, 
prostigmine,  and  curare,  but  is  blocked  by  DFP  and  eserine;  nicotine  initially 
facilitates  and  then  blocks  transmission.'"^  Absence  of  effect  of  a  drug  may 
result  from  lack  of  penetration  rather  than  from  absence  of  specific  action. 
In  cockroaches  the  anti-esterase  DFP  causes  alternate  facilitation  and  block- 
ing of  synaptic  transmission  at  concentrations  which  permit  fiber  conduc- 
tion, and  in  the  presence  of  DFP  added  ACh  blocks  the  synapses.^*^**'  ^^^  In 
the  stellate  ganglion  of  the  squid,  synaptic  transmission  is  blocked  by  DFP 
at  about  the  same  concentrations  at  which  fiber  conduction  is  blocked.^^ 

The  cholinesterase  content  of  central  nervous  tissues  varies  as  much  as 
the  ACh  content  (Table  77).  Ganglia  of  squid,  honeybee,  lobster,  and 
Limidus  approach  mammalian  sympathetic  ganglia  in  QChE.  The  mam- 
malian cerebral  cortex  is  surprisingly  low  in  QChE.  In  lower  invertebrates 
it  is  difficult  to  separate  nervous  from  muscular  tissue  as  regards  cholinester- 
ase distribution  (see  also  Chapter  16),  but  there  is  little  doubt  that  cholin- 
esterase is  present  in  all  nervous  tissue. 

In  general,  the  distribution  of  ACh  and  ChE  seems  not  well  correlated 
with  central  nervous  activity;  acetylcholine  is  excitatory  to  some  nerv^e  cen- 
ters and  inhibitory  to  others;  the  sensitivity  is  high  in  sympathetic  ganglia 
and  in  the  spinal  cord  under  special  conditions,  but  sensitivity  to  ACh  is  low 
for  cerebral  cortex  and  practically  zero  for  arthropod  central  nervous  systems. 
Liberation  of  acetylcholine  has  been  demonstrated  at  axon  terminations  in 
sympathetic  ganglia.  Evidence  regarding  the  meaning  of  the  high  concen- 
trations of  ACh  and  ChE  in  invertebrate  central  gangfia  might  elucidate  the 
role  of  acetylcholine  in  synaptic  transmission  in  general.  It  is  becoming  more 
likely  that  "the  transmitter"  is  electrical  but  that  acetylcholine  is  one  sub- 
stance associated  with  the  production  of  the  action  potential. ^'^^^^  '^^* 

INORGANIC  IONIC  CHANGES.  Synaptic  transmission  is  profoundly  affected  by 
the  potassium  and  calcium  in  the  bathing  fluids.  In  the  perfused  superior 
cervical  ganglion  of  the  cat,  potassium  is  given  off  on  preganglionic  stimu- 
lation and  the  potassium  content  of  the  ganglion  is  greatly  reduced;^^'*  potas- 
sium also  moves  outward  from  stimulated  nerve  fibers  (p.  780).  Injection 
of  small  amounts  of  potassium  increases  the  ganglionic  response  to  submaxi- 
mal  stimulation.*^'^  Like  acetylcholine,  potassium  excites  in  low  concentra- 
tions and  inhibits  in  larger  amounts.  Addition  of  potassium  to  the  perfusate 
causes  ACh  liberation,  and  ACh  injection  causes  K  liberation.  Perfusion 
with  a  saline  deficient  in  calcium  or  containing  five  times  the  normal  con- 
centration of  potassium  increases  both  the  number  of  active  cells  and  the 
frequency  of  discharge  in  sympathetic  ganglia.**-  Brain  potentials  are  sensi- 
tive to  potassium/calcium  balance.  Excess  potassium  causes  fast  irregular 
waves,  and  calcium  in  excess  elicits  large  slow  waves  in  the  isolated  frog 
brain. ^^"^ 
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Many  invertebrate  ganglia  are  likewise  initially  stimulated  by  high  potas- 
sium or  low  calcium  (see  Table  69,  Ch.  15,  for  heart  ganglia).  In  crayfish 
abdominal  ganglia  in  situ  the  effect  of  high  potassium  is  to  depress  spon- 
taneous activity,  whereas  low  potassium  increases  it.  After  a  half  hour  of 
bathing  in  saline  the  reverse  effects  of  potassium  are  observed.^^^^-  ^^^'  ^^  Ad- 
dition of  acetylcholine  to  the  bathing  solution  prevents  the  reversal  in  potas- 
sium action  and  suggests  that  differences  in  behavior  of  intact  and  isolated 
ganglia  may  result  from  loss  of  ACh  on  isolation.'^^^  Transmission  across 
synapses  of  the  cockroach  is  remarkably  unaffected  by  changes  in  potassium 
and  calcium.^^^ 


tgc-:-_-_--^ 


(b) 

Fig.  298.  Current  flow  at  a  synaptic  junction;  presynaptic  fiber  represented  by  vertical 
block  and  postsynaptic  neurone  by  horizontal  line.  Current  flow  with  presynaptic 
impulse  {a)  approaching  synapse  and  (h)  at  synapse.  Focal  anode  (Ai)  followed  by  focal 
cathode  (Ca).  Cross  hatching,  region  of  the  presynaptic  impulse.  Current  flow  repre- 
sented as  toward  region  of  negativity.   From  Eccles."" 

ELECTRIC  CURRENT.  The  action  potential  wave  of  the  discharging  axons 
may  itself  be  an  adequate  stimulus  for  the  receiving  neurones.  An  electric 
shock  of  time  relations  similar  to  the  action  potential  is  an  adequate  nerve 
stimulus.  In  the  oculomotor  nucleus  of  the  rabbit  a  volley  of  impulses  in 
ascending  axons,  subthreshold  for  the  motoneurones,  can  sum  with  a  sub- 
hminal  electric  shock  applied  directly  to  the  motor  cells  during  the  rising 
phase  of  the  action  potential.-^-  When  two  nerves  are  placed  in  proper  con- 
tact side  by  side,  an  impulse  can  be  transmitted  from  fibers  of  one  ner\'e  to 
the  other.  Transmission  in  such  an  artificial  synapse,  or  ephapse,  occurs  if 
the  impulse  in  the  pre-ephaptic  fiber  stops  at  the  junction  so  that  the  final 
phase  of  its  potential  change  is  negative  or  catelectTotonic.^^  Delays  vary 
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with  conditions,  but  may  be  as  brief  as  0.1  to  0.3  msec,  for  certain  mam- 
malian preparations,^'^-  or  2  to  5  msec,  between  squid  giant  axons."*  The 
excitability  of  the  receiving  nerve  fiber  can  be  altered  by  subthreshold  im- 
pulses, and  transmission  is  facilitated  when  the  afferent  impulse  coincides 
with  oscillations  in  local  graded  potentials  in  the  efferent  fiber.^^  Similar 
electrical  transmission  across  points  of  contact  occurs  between  two  separate 
lobes  of  the  brain  of  frogs. ^*''^  The  current  fields  set  up  in  nerve  centers  are 
such  that  electrical  stimulation  could  occur  at  synaptic  junctions.^^*' 

Eccles'-^  has  analyzed  the  electrical  pattern  at  a  nerve  terminal  and  dem- 
onstrated its  adequacy  for  stimulation.  As  an  impulse  approaches  a  nerve 
terminal  it  sets  up  an  anodal  (positive)  focus,  which,  when  the  peak  of  the 
impulse  reaches  the  terminal,  reverses  (downsweep  of  potential),  causing  a 
cathodal  focus  with  anodal  surround  on  the  receiving  neurone.  Current  flow 
at  the  cathodal  focus  causes  a  local  response  which  depolarizes  an  area  de- 
pending in  size  on  the  current  magnitude,  and  if  it  is  large  enough  sets  off 
a  propagated  impulse. 


Fig.  299.  Action  potenrial  from  the  stellate  sympathetic  ganglion  of  a  cat  (i)  before  and 
(it)  after  curarization.  Synaptic  potential  only  remains  after  curarization.  From  Eccles.^ 

We  are  left  with  numerous  agents— acetylcholine,  potassium,  electric  cur- 
rent—each present  and  capable  of  stimulating  nerve  cells.  Whether  or  not 
a  nerve  cell  responds  is  determined  by  the  environment  of  the  cell,  and  one  or 
several  components  of  this  environment  may  constitute  adequate  exciting 
agents.*"-  The  old  distinction  between  electrical  and  chemical  transmission  is 
superseded  by  two  other  hypotheses.  One  is  that  axon  propagation  is  elec- 
trical, involving  potassium  and  other  ions,  and  that  at  synaptic  transmission 
either  chemical  agents  (ACh  or  others)  are  liberated  (Dale-Loewi),  or  that 
synaptic  transmission  is  also  electrical  (Eccles).  The  other  theory  (Nach- 
mansohn)  states  that  axon  and  synaptic  transmission  are  not  different,  that 
both  are  electrical,  and  that  ACh  is  an  essential  Hnk  in  the  electrical  pic- 
ture. 

Synaftic  and  Ganglionic  Potentials.  The  interpretation  of  potentials  re- 
corded from  nerve  centers  is  difficult  because  of  the  small  dimensions  of  the 
separate  parts  of  neurones.  Evidence  is  accumulating  that  conduction  in  the 
different  parts  of  a  neurone  occurs  at  different  rates. 

SYNAPTIC  POTENTIALS.  At  interneuronic  junctions,  and  presumably  asso- 
ciated with  a  transmission  process,  is  a  synaptic  potential  analogous  to  the 
end-plate  potential  of  muscle  (Ch.  16).  In  sympathetic  ganglia,  stimula- 
tion of  pre-ganglionic  axons  sets  up  a  complex  propagated  electrical  response 
in  postganglionic  neurones;  after  curarization  this  propagated  response  is 
replaced  by  a  graded  potential  which  is  conducted  decrementally  away  from 
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the  ganglion.  This  graded  synaptic  potential  is  normally  masked  by  the 
propagated  response.  In  the  superior  cervical  ganglion  of  the  cat  this  synap- 
tic potential  begins  after  a  latency  of  5  msec,  reaches  its  peak  at  10-20 
msec,  and  falls  to  about  1/3  in  60-90  msec,  many  units  rsponding  out  of 
phase  (Fig.  299).^-'*  The  synaptic  potential  is  absent  when  antidromic  im- 
pulses enter  the  ganglion  and  is  graded  in  size  with  the  number  of  pre-gan- 
glionic  impulses;  it  can  summate  on  repeated  subthreshold  stimulation.  When 
transmission  to  interneurones  and  motoneurones  in  the  spinal  cord  is 
blocked  by  nembutal  a  sensory  volley  sets  up  a  synaptic  potential  which 
can  be  picked  up  either  by  focal  microelectrodes  in  the  cord  or  conducted 
electrotonically  over  ventral  roots.  In  monosynaptic  reflexes  of  cats  the  syn- 
aptic potential  recorded  focally  in  the  spinal  cord  shows  a  delay  of  0.3  to 
0.45  msec,  and  peak  time  of  0.8  to  1.5  msec.  Similar  graded  potentials  have 
been  recorded  from  the  stellate  ganglion  of  Loligo  (Fig.   300). "^^^  ^^    The 


Fig.  300.  Synaptic  potentials  and  emergent  action  potential  spikes  from  stellate  gang- 
lion of  the  squid.  Lower  record— spike  in  preganglionic  fiber.  Upper  record— postgangli- 
onic spike  developing  later  and  later  out  of  synaptic  potential  as  fatigue  occurs  finally 
leaving  only  synaptic  potential.  From  Bullock."*'  ^'^ 

propagated  postganglionic  spike  arises  out  of  the  synaptic  potential,  and 
when  motoneurones  are  fatigued  only  the  synaptic  potential  remains.  Di- 
rect stimulation  of  the  ganglion  can  elicit  a  synaptic  potential,  but  antidromic 
impulses  cannot  do  so.  It  is  postulated*'^  that  the  transmitter  passes  its  peak 
before  the  beginning  of  the  synaptic  potential,  and  that  the  synaptic  poten- 
tial must  be  of  a  critical  size  before  the  post-synaptic  spike  is  evoked. 

SOMA  RESPONSES.  The  soma  of  a  central  neurone  refers  to  the  non-axon 
portions,  i.e.,  the  dendrites  and  cell  body.  The  potentials  which  arise  in  the 
soma  appear  to  be  slow  compared  with  those  in  axons.  Sympathetic  gan- 
glion potentials  show  several  spikes  corresponding  to  activity  in  diff^erent 
cell  groups,  prolonged  as  compared  with  axon  spikes,  and  they  also  show 
slow  negative  and  positive  after-potentials^^^- -^^  (Fig-  299).  Records  from 
the  mammalian  oculomotor  nucleus  show  fast  axon  spikes  followed  by  slowed 
motoneurone  potentials;  the  latter  only  are  found  in  response  to  antidromic 
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volleys-^-  (Fig.  300).  Similarly  in  the  hypoglossal  nucleus  deep  electrodes 
detect  slow  waves  which  can  be  separated  experimentally  from  the  axon  im- 
pulse, conduction  in  the  soma  being  not  more  than  one-tenth  as  fast  as  in 
the  axons."*'"'''  These  slow  soma  potentials  can  be  observed  when  the  cells  are 
excited  antidromically. 

The  ganglia  of  invertebrate  animals  are  complex  in  organization.  Soma  po- 
tentials lasting  30  msec,  have  been  recorded  from  isolated  cell  bodies  of  the 
visceral  ganglion  of  the  snail  Aplysia.  Their  origin  is  not  clear. ^**''  ^''  A  closer 
correlation  between  the  histology  and  physiology  of  nerve  centers  is  needed. 

Graded  localized  synaptic  potentials  precede  the  discharge  of  motoneu- 
rones,  and  soma  potentials  are  slower  than  axon  spikes;  the  soma  potentials 
must  have  significant  influence  on  the  excitability  of  surrounding  neurones. 

Synaptic  Delay.  At  all  interneuronic  junctions  an  appreciable  time  is  taken 
for  setting  up  an  efferent  impulse.  Synaptic  delays  are  longer  in  centers  re- 
ceiving impulses  over  slow  afferent  fibers  than  over  fast  ones.  The  older 
measurements  of  "central  time"  in  spinal  reflexes  give  little  information  re- 
garding synaptic  delays  because  the  number  of  interneurones  interposed  be- 
tween aff^erent  and  motor  neurones  is  not  known.  In  two-neurone  reflexes  of 
the  cat  Lloyd  finds  central  delays  of  0.7  msec;  these  can  be  reduced  by  fa- 
cilitation to  a  minimum  of  0.3  msec.^^'  -^^  And  in  the  oculomotor  nucleus  of 
the  rabbit,  delays  at  synaptic  junctions  averaged  0.7  msec.-^-  Delays  in  the 
slower  sympathetic  ganglia  are  much  longer.  The  superior  cervical  ganglion 
of  the  cat  shows  delays  of  3  and  6  msec,  respectively,  for  two  groups  of 
units, ^-^  and  interneurones  probably  do  not  occur.  In  the  stellate  ganglion  of 
the  squid  a  single  synaptic  junction  of  the  giant  fiber  system  has  a  delay  of 
0.5  msec,  at  24°.^^  The  sixth  abdominal  ganglion  of  the  crayfish  gives  a  gan- 
glionic delay  of  2-5  msec;  this  may  include  interneurones.^^^  In  the  last 
abdominal  ganglion  of  the  cockroach  some  sensory  fibers  from  the  cerci 
synapse  with  ascending  giant  neurones;  the  synaptic  delay  of  this  system  is 
0.6-1.5  msec,  but  there  may  be  one  interneurone.^^^ 

Several  explanations  of  synaptic  delay  have  been  suggested: 

1.  Axon  branches  are  usually  greatly  attenuated;  conduction  is  slow  in 
small  fibers.  This  must  be  particularly  important  in  sympathetic  ganglia 
where  there  is  a  basket-like  arrangement  of  axon  and  dendrite  branches. 
When  allowance  is  made  for  terminal  slow  conduction,  the  synaptic  delay 
is  somewhat  reduced. 

2.  There  may  be  asynchrony  in  arrival  of  impulses  over  the  different 
branches  of  an  axon,  hence  time  is  consumed  in  their  spatial  summation. 

3.  Motoneurones  have  a  true  excitation  time,  like  the  "utilization  time"  of 
axons. 

4.  Time  is  required  for  liberation  and  diffusion  of  acetylcholine  or  other 
chemical  transmitter  from  one  membrane  to  another.  Shortening  of  the  de- 
lay by  facilitation  may  be  explained  by  assuming  that  a  subliminal  quantity 
of  transmitter  persists  for  a  time  so  that  a  threshold  concentration  is  at 
tained  sooner  with  a  second  volley.  Diffusion  is  not  a  factor  if  transmission 
is  electrical. 

5.  The  synaptic  potential  rises  at  a  certain  rate  and  the  time  when  an  im- 
pulse is  started  depends  on  when  the  synaptic  potential  reaches  a  critical 
size,  just  as  with  end-plate  potentials.  In  the  squid  giant-fiber  synapse,  for 
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example,  the  synaptic  potential  reaches  its  peak  in  0.6  msec;  in  fatigue  this 
local  response  does  not  change  in  latency  but  falls  in  height,  the  propa- 
gated spike  arising  later  on  the  synaptic  potential."^^  In  the  cat  spinal  cord 
the  synaptic  potential  begins  about  0.5  msec,  after  arrival  of  afferent  im- 
pulses; 0.05-0.1  msec,  is  needed  for  conduction  in  the  small  afferent  fibers, 
and  the  delay  can  be  shortened  by  facilitation  to  0.2-0.3  msec.  Motor  im- 
pulses can  be  started  only  during  part  of  the  rising  phase  of  the  synaptic 
potential,  1  msec,  or  less  according  to  facilitation. ^^^  A  synaptic  delay  is  re- 
quired to  remove  the  intial  anodal  focus  and  permit  catelectrotonic  spread 
of  the  local  synaptic  potential. ^^'^ 

Refractory  Period.  In  general  the  absolute  refractory  period  at  synapses  is 
similar  to  the  refractory  period  of  the  efferent  nerve  fibers.  Measurements  of 
motoneurone  refractory  periods  for  several  mammalian  centers  have  been  made 
by  preceding  an  afferent  volley  at  varying  time  intervals  by  an  anti- 
dromic volley  (impulses  entering  the  center  through  the  efferent  neurones). 
By  this  method  the  refractory  period  of  the  oculomotor  nucleus  is  0.5-0.6 
msec.;^^^  that  of  the  cervical  sympathetic  ganglion  is  about  2  msec,  for  the 
fastest  units.^^ 

Some  centers  fail  to  follow  repetitive  stimuli  at  lower  frequencies  than 
do  isolated  axons,  but  this  failure  is  not  a  direct  measure  of  refractoriness. 
In  the  crayfish,  for  example,  transmission  across  the  sixth  abdominal  ganglion 
stops  at  10/sec.  while  sensory  impulses  enter  up  to  100/sec.^^^  In  fresh 
preparations  the  junctions  from  giant  fibers  to  motoneurones  of  the  cray- 
fish show  no  longer  refractoriness  than  the  giant  fibers,  but  with  slight  fa- 
tigue they  are  blocked  at  30-50/sec.^^^  In  the  cockroach  sixth  ganglion  the 
synapse  between  cereal  sensory  fibers  and  ascending  giant  fibers  follows  up 
to  400/sec.36i 

The  refractory  period  of  the  giant  fiber  synapse  in  the  stellate  ganglion  of 
the  squid  is  less  than  that  of  preganglionic  fibers.  Impulses  can  follow 
across  the  junction  at  rates  as  high  as  475/sec.,  and  a  local  response,  too 
small  for  spike  initiation,  may  be  elicited  with  no  absolute  refractoriness.  By 
analogy  with  muscle,  where  the  graded  response  shows  no  refractory  pe- 
riod, the  synaptic  potential  also  probably  has  no  true  refractory  period. 

Facilitation.  By  synaptic  facilitation  is  meant  the  requirement  that  more 
than  one  incoming  impulse  is  needed  to  excite  a  post-synaptic  neurone.  One 
incoming  impulse  may  be  ineffective  alone,  but  when  accompanied  by  oth- 
ers it  is  effective.  Most  synaptic  transmission  requires  facilitation;  there  are, 
however,  some  interneuronic  junctions  as  in  invertebrate  giant  fiber  sys- 
tems in  which  conduction  is  one-to-one,  and  no  facilitation  is  required  for 
transmission.^^ 

Some  of  these  junctions  are  non-polarized,  as  in  the  longitudinal  con- 
duction in  giant  fibers  of  annelids  and  crustaceans.  Others  are  polarized,  as 
in  the  squid  stellate  ganglion  and  the  connection  between  lateral  giants  and 
motor  fibers  in  the  crayfish.  Facilitation  does  appear,  however,  when  these 
systems  are  fatigued. 

In  the  coelenterates,  facilitation  in  the  nerve  net  is  marked  and  often 
necessary  for  the  elicitation  of  a  mechanical  response.  The  excitatory  process 
persists  for  several  seconds  (see  p.  595).  It  appears  likely  that  primitive 
interneuronic  junctions  required  facilitation  for  transmission  and  that  the 
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one-to-one  relay  conduction  of  giant  neurone  systems  is  a  relatively  evolution- 
ary development. 

When  an  interneurone  or  motoneurone  is  stimulated  by  two  incoming  vol- 
leys separated  by  different  times,  the  second  volley  is  usually  found  to  be 
most  effective  at  two  periods  after  the  first;  these  are  periods  of  early  and 
of  delayed  facilitation. 

1.  Early  facilitation  (spatially  determined).  Two  afferent  volleys  converg- 
ing over  different  axons  on  one  motoneurone  are  most  effective  when  syn- 
chronous. One  afferent  volley  alone  may  not  be  able  to  elicit  a  motor  re- 
sponse, but  together  they  summate.  If  one  volley  is  delayed  after  the  first,  it 
becomes  less  effective  as  the  excitatory  process  from  the  first  decays.  Vary- 
ing the  interval,  then,  between  spatially  converging  subliminal  impulses  is 
useful  in  showing  the  time  course  of  the  excitatory  process.  Temporal  sum- 
mation at  one  synapse  (bouton)  is  impossible  because  of  refractoriness.  Spa- 
tial summation  is  generally  required  for  synaptic  excitation.  This  is  well 
shown  in  the  tail  of  the  crayfish,  where  flexion  of  one  sensory  hair  on  a  uro- 
pod  sends  one  impulse  into  the  sixth  abdominal  ganglion;  stimulation  of  sev- 
eral, usually  four,  adjacent  hairs  is  necessary  to  elicit  one  efferent  (post  syn- 
aptic) impulse.^^"*  In  vertebrates  it  is  not  probable  that  a  single  impulse  in 
one  afferent  axon  ever  elicits  a  reflex  response. 

In  the  superior  cervical  sympathetic  ganglia  of  the  cat  two  submaximal 
volleys  in  different  preganglionic  branches  sum  maximally  at  synchrony,  the 
summation  declines  to  zero  at  4.5  msec.^-^'  ^^"^  In  the  oculomotor  nucleus  of 
the  rabbit  summation  between  two  converging  volleys  declines  to  a  minimum 


at\  cT 


.25        .5      .75      1  1.5  2  3  4  5  6  7  £ 

Fig.  301.  Facilitation  curve  of  motoneurones  of  oculomotor  nucleus  of  rabbit.  Motor 
response  in  mv.  to  a  test  shock  to  presynaptic  (floor)  neurones  at  intervals  in  msec, 
(abscissa)  after  a  conditioning  shock.  uncT,  Height  of  response  of  unconditioned  test 
shock.  From  Lorente  de  No.'"^ 

at  0.5  msec,  separation^^^  (Fig-  301).  In  monosynaptic  spinal  reflexes  of  the 
cat  the  facilitation  falls  to  half  the  maximum  of  simultaneity  at  about  2.8 
msec.^"*  The  early  facilitation  represents  the  time  course  of  decay  of  the  syn- 
aptic transmitter. 

2.  Delayed  facilitation.  The  second  type  of  facilitation  represents  enhanced 
excitability  of  receiving  neurones  after  the  initial  excitatory  process  has 
passed;  this  facilitation  can  be  detected  by  test  volleys  in  either  the  same  or 
different  incoming  pathways.  In  flexor  reflexes  of  the  cat,  for  example,  Eccles 
and  Sherrington^^^  observed  a  maximum  response  to  a  second  afferent  vol- 
ley  12-20  msec,  after  an  initial  volley.  The  enhanced  excitability  after  re- 
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covery  resembles  the  supernormal  period  in  cardiac  mxuscle  (Ch.  15).  Ex- 
planations have  been  suggested  as  follows: 

(a)  It  is  difficult  to  account  for  this  delayed  facilitation  on  the  basis  of 
persistence  of  any  chemical  transmitter  unless  it  is  assumed  that  a  second 
excitatory  substance  is  liberated. 

(I?)  In  nerve  fibers  the  excitability  returns  during  the  refractory  period 
and  is  supernormal  during  the  negative  after-potential.  Similar  enhanced  ex- 
citability can  be  produced  by  cathodal  polarization,  catelectrotonus.  In  some 
nerve  centers  the  late  facilitation  is  at  a  time  of  delayed  negativity.  A  rela- 
tion between  reflex  facilitation  and  slow  negative  potentials  in  the  spinal 
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Fig.  302.  (A)  Diagram  of  delay  path  circuit  in  oculomotor  nucleus.  F,  Floor  neurone; 
I,  intemeurone;  M,  motoneurone;  O.N.,  oculomotor  nucleus;  COL,  coUiculus;  MED., 
medulla.  Modified  from  Lx)rente  de  N6.^  (B)  Schema  of  a  delay  path  (multiple  chain) 
circuit  with  three  successive  intemeurones.  (C)  Schema  of  a  closed  reverberating  chain 
circuit  of  internuncial  neurones.    From  Lorente  de  N6.^ 

cord  is  indicated.^^''  In  the  superior  cervical  sympathetic  ganglion  the  gan- 
glionic response  consists  of  one  or  more  spikes,  lasting  6-8  msec,  followed  by 
a  slow  negative  wave  persisting  50-100  msec.^-^'  -''^  When  two  preganglionic 
volleys  enter  the  ganglion  at  such  an  interval  that  the  second  enters  during 
the  slow  negative  wave  due  to  the  first,  a  spike  results  which  is  facilitated 
and  has  shorter  latency  than  when  the  second  stimulus  is  applied  alone.  The 
time  course  of  this  facilitation  follows  the  slow  negative  wave  according  to 
Eccles,^-''  but  not  according  to  Rosenblueth  and  Simeone. '''''' 

(c)  A  third  explanation  for  delayed  facilitation  is  by-pass  conduction  in 
intemeurones.     In    the    oculomotor   nucleus^''-'    -''^    e.g.,    neurones    are    ar- 
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ranged  with  direct  connections  of  ascending  "floor"  axons  to  the  motoneu- 
rones  and  indirect  connections  via  many  parallel  interneurones  (Fig.  302,  A). 
The  late  facilitation  is  maximal  at  about  1  msec.  (Fig.  301).  The  time  course 
of  this  late  facilitation  is  such  that  internuncial  impulses  are  arriving  at  the 
motoneurone  at  the  peak  of  the  facilitation,  and  the  internuncial  impulse 
from  volley  one  arrives  at  the  same  time  as  the  direct  impulse  from  volley 
two.  Prolonged  facilitation  can  occur  if  there  is  a  chain  of  successive  inter- 
neurones  (Fig.  302,  B).  Facilitation  can  be  altered  by  lesions  to  side  path- 
ways, and  when  motor  responses  are  asynchronous  the  latencies  of  the  late 
waves  can  be  altered  by  facilitation.  In  the  oculomotor  nucleus,  then,  sub- 
maximal  internuncial  bombardment  seems  to  account  for  late  facilitation, 
impulses  from  one  indirect  path  adding  to  later  ones  from  another  and  di- 
rect path.  Temporal  summation  is  in  this  sense  spatial  summation.  Such  an 
explanation  of  delayed  facilitation  is  not  applicable  to  centers  like  sym- 
pathetic ganglia  which  lack  interneurones. 

Curves  of  delayed  facilitation  have  not  been  obtained  for  any  non-mam- 
malian nerve  center. 


Excitatory  axon  — 


Motoneurone 
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Fig.  iOi.  Schema  illustrating  electrical  theory  of  direct  inhibition.  It  is  assumed  that 
the  small  golgi  neurone  is  excited  subliminally  and  that  its  synaptic  potential  creates  a 
negative  sink,  causing  outflowing  current  in  the  motoneurone  and  there  producing  a 
region  of  anelectrotonus.  From  Eccles.^** 

Inhibition.  In  a  series  of  classical  experiments  Sherrington  demonstrated 
that  under  certain  circumstances  reflex  responses  can  be  diminished  by  sen- 
sory impulses.  He  proposed  that  a  central  inhibitory  state  (CIS)  counter- 
acts a  central  excitatory  state  (CES).  Some  afferent  nerve  fibers  are  inhibi- 
tory, others  excitatory.  One  afi^erent  neurone  can  probably  be  excitatory  and 
inhibitory  to  different  neurones,  although  this  is  not  proved.  Single  inhibi- 
tory fibers  have  been  isolated  in  arthropod  motor  nerves  (Ch.  16)  and  in 
frog  sensory  nerves.^^^  Just  as  with  facilitation,  there  are  two  times  of  syn- 
aptic inhibition,  early  and  delayed.  Inhibitory  impulses  may  prevent  moto- 
neurone stimulation  if  they  arrive  simultaneously  with,  or  immediately  be- 
fore, the  excitatory  impulses.  The  two-neurone  reflexes  are  thus  inhibited 
by  afferents  in  specific  ipsilateral  sensory  fibers.-^** 

A  specific  inhibitory  substance  might  be  liberated  at  synapses;  a  given 
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agent  may  be  excitatory  for  some,  and  inhibitory  for  other  receptor  cells.  In- 
hibitory mediators  occur  in  the  heart  and  in  smooth  muscle,  but  there  is 
no  evidence  for  inhibitory  agents  in  nerve  centers. 

An  electrical  hypothesis  of  direct  inhibition  makes  use  of  the  short  (2-3 
mm.)  "Golgi"  interneurones  which  are  found  in  many  parts  of  the  central 
nervous  system,  particularly  in  the  spinal  cord  (Fig.  303).^^^  Such  a  neurone 
might  be  excited  by  an  inhibitory  axon  to  produce  a  graded  synaptic  poten- 
tial which  would  be  conducted  electronically  over  the  short  neurone  and 
on  entering  the  motoneurone  produce  there  regions  of  decreased  excitability 
or  anelectrotonus.  These  would  compete  with  excitatory  synaptic  potentials 
set  up  on  the  motoneurone  and  prevent  the  initiation  of  a  propagated  im- 
pulse. 

Another  postulate  is  that  inhibitory  endings  are  so  distributed  that  excita- 
tory fibers  are  unable  to  depolarize  a  sufficient  area  for  excitation. 

The  second  type  of  inhibition  has  a  much  longer  latency.  Sherrington  ob- 
tained maximum  inhibition  of  flexor  reflexes  in  cats  if  the  inhibitory  volley 
preceded  the  excitatory  volley  by  30-80  msec.  This  inhibitory  process  builds 
up  and  declines  more  slowly  than  the  excitatory  process . 

The  delayed  inhibition  may  result  from  slow  positive  potentials  in  nerve 
centers.  It  was  stated  above  (p.  780)  that,  during  the  positive  after-poten- 
tial, nerve  fibers  are  depressed  in  excitability.  This  is  similar  to  lowered  excit- 
ability in  anodal  polarization,  anelectrotonus.  Slow  positive  waves  have  been 
recorded  from  numerous  centers,  but  their  interpretation  is  difficult  because 
they  vary  with  electrode  placement  and  the  origin  of  slow  potentials  in  nerve 
centers  is  not  well  known.  Correspondence  between  diminished  excitabilit)' 
and  positivity  in  the  anterior  horn  of  the  spinal  cord  has  been  indicated.^**"^ 
In  sympathetic  ganglia  a  long-lasting  positive  wave  is  maximal  at  100-200 
msec.125,  257  yj^g  excitabihty  of  the  ganglion  for  preganglionic  volleys  is 
diminished  in  a  time  course  corresponding  well  with  the  slow  positive  poten- 
tial.^-^ Such  correspondence  did  not  appear  when  the  ganglion  was  condi- 
tioned by  tetanic  preganglionic  stimulation.^''^  In  the  vertebrate  retina  a  cor- 
relation has  been  suggested  between  positivity  of  the  retinal  potential  (neg- 
ativity of  the  ganglion  cells  of  the  inverted  retina)  and  the  setting  up  of 
optic  nerve  impulses,  also  between  the  reverse  state  (positivity  of  the  gan- 
glion cells)  and  cessation  of  optic  nerve  discharge  (inhibition).^''*  What- 
ever the  temporal  relation  between  inhibition  and  positive  after-potentials  in 
nerve  centers,  any  prolonged  positivity  will  certainly  lower  the  excitability  of 
synapses  within  its  electric  field. 

The  neurone  circuits  of  parts  of  central  nervous  systems  are  very  com- 
plex. It  is  possible  to  construct  circuits  which  are  reasonable  anatomically  and 
which  are  properly  timed  to  account  for  inhibition. ^^^  Impulses  entering  a 
center  over  one  path  and  acting  through  interneurones  may  be  cancelled  by 
impulses  from  another  pathway  which  arrive  at  such  a  time  earlier  as  to 
leave  the  interneurones  inexcitable. 

The  time  course  of  inhibition  has  not  been  examined  in  any  non-mam- 
malian center.  There  are  many  examples,  however,  of  the  inhibitory  action 
of  one  center  on  another.  Integrative  centers  maintain  a  balance  between 
inhibition  and  excitation  of  motor  centers.  Examples  of  these  will  be  con- 
sidered below. 
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Inhibition  is  essential  in  the  antagonistic  action  of  muscles.  An  afferent 
volley  which  stimulates  flexor  motoneurones  normally  inhibits  the  motoneu- 
rones  of  antagonistic  extensor  muscles,  and  vice  versa.  Such  reciprocal  ex- 
citation probably  occurs  in  many  metazoans.  The  longitudinal  and  circular 
muscles  of  an  earthworm  are  reciprocally  innervated.  Even  in  medusae, 
where  the  nervous  system  is  a  diffuse  nerve  net,  there  are  reciprocal  con- 
tractions of  circular  and  radial  muscles. ^'^  Whether  reciprocal  inhibition  ac- 
companies these  alternate  contractions  is  not  known,  but  it  is  likely. 

The  term  inhibition  has  also  been  applied  to  the  cancellation  of  one  wave 
of  activity  by  another.  For  example  a  doughnut-shaped  ring  can  be  cut  out 
of  a  jellyfish  and  a  wave  of  contraction  started  in  both  directions  from  a 
stimulus  at  a  point;  these  waves  will  cancel  when  they  meet.^^^  Two  oppos- 
ing waves  of  luminescence  in  sea  fans  cancel  when  they  meet.^^^  No  evi- 
dence for  periods  of  depressed  excitability  has  come  from  the  use  of  paired 
or  repetitive  stimulation  of  coelenterates.  The  cancellation  of  colHding  waves 
is  probably  due  to  refractoriness  of  conducting  pathways. 

After-discharge.  Frequently  a  single  afferent  volley  sets  off  a  repetitive  dis- 
charge which  long  outlasts  the  stimulus.  Some  reflexes  are  brief  responses, 
as  the  knee  jerk,  others  persistent,  as  the  scratch  reflex.  Three  explanations 
of  after-discharge  may  be  considered: 

1.  After-discharge  may  result  from  the  persistence  or  continued  liberation 
of  liminal  amounts  of  a  chemical  mediator,  such  as  acetylcholine.  An  eser- 
inized  sympathetic  ganglion,  for  example,  may  give  repetitive  response  to  a 
single  preganglionic  volley.^^-  ^^'^ 

2.  After-discharge  may  result  from  delay  paths  and  circus  conduction.  A 
message  may  pass  around  a  ring  of  neurones,  returning  periodically  to  excite 
the  same  motoneurone  over  a  side  branch.  Lorente  de  No  has  described  such 
pathways  in  several  centers  and  has  demonstrated  their  action  in  the  oculo- 
motor nucleus  preparation^"^- ^"^  (Fig.  302,  C).  A  gross  example  of  circus 
conduction  is  afforded  by  cutting  a  doughnut-shaped  ring  out  of  a  jelly- 
f^gjj  184,  285  If  3  wave  is  started  in  both  directions,  then  blocked  on  one  side 
by  pressure  and  allowed  to  continue  on  the  other  side,  a  circusing  self-per- 
petuating wave  can  be  kept  going  for  many  hours;  the  same  units  are  re- 
excited  repeatedly. 

3.  A  third  explanation  of  after-discharge  is  based  on  the  property  of  many 
centers  of  showing  spontaneous  rhythmicity.  Often  neurones  are  capable  of 
rhythmic  activity  and  need  only  a  slight  stimulus  to  trip  them  off.  Sympa- 
thetic ganglion  cells  can  be  made  to  fire  repetitively  by  slight  environmental 
changes,  as  with  acetylcholine,  low  calcium,  etc.*^-  There  is  a  fine  balance 
between  rest  and  activity. 

"Spontaneous"  Activity  of  Nerve  Centers.  Many  nerve  centers  isolated 
from  incoming  sensory  messages  exhibit  activity.  In  general,  integrative  cen- 
ters such  as  the  cerebrum,  midbrain  nuclei,  and  the  central  ganglia  of  anne- 
lids and  arthropods  show  spontaneity  more  than  do  distributing  centers  such 
as  sympathetic  ganglia  and  sensory  nuclei.  There  is  no  final  clear-cut  proof 
that  any  mammalian  nerve  center  is  spontaneously  active,  independent  of 
sensory  stimulation  or  reverberating  chains,  although  synchronized  rhythms 
have  been  recorded  from  the  spinal  cord  of  curarized  cats,^''^  and  activity  is  seen 
in  isolated  bits  of  cerebellum  (Snider,  personal  communication).    Probably 
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most  nerve  cells  have  the  ability  to  discharge  without  stimulation  by  other  neu- 
rones if  the  chemical  environment  is  suitable.  The  "spontaneously"  active 
cells  can  be  considered  as  relaxation  oscillators  where  a  continuous  source  of 
energy,  e.g.,  oxidative  system,  stores  up  potential  to  a  critical  value  and  then 
the  cell  membrane  breaks  down.  In  this  sense  such  activity  is  not  spontane- 
ous but  rather  a  response  to  the  chemical  environment.  Nervous  pacemak- 
ers in  hearts  have  been  discussed  above  (Ch.  15).  A  classification  of  ner- 
vous rhythms  is  given  by  Bullock.'^'^'  ''^ 
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Fig.  304.  Types  of  rhythmic  activity  in  central  nervous  systems:  A,  Synchronized 
spontaneous  rhythm  from  isolated  olfactory  bulbs  of  frog:  a,  freshly  isolated  bulb;  h, 
small  isolated  bit  of  bulb;  c,  after  30  min.  in  Ringer;  d,  single  separated  bulb;  e,  control 
on  optic  lobe  some  time  after  isolation.  Time,  horizontal  line— 1  sec.  From  Libet  and 
Gerard."""  B,  Electroencephalograms  of  different  men  recorded  from  skin  over  occipital 
lobes  with  eyes  closed.  From  Davis  and  Davis.""  C,  Spontaneous  activity  in  isolated 
abdominal  ganglion  of  crayfish,  showing  asynchronous  rhythms  in  several  designated 
neurones.  Increase  in  potassium  content  of  saline  by  two  times  and  in  calcium  content 
by  three  times  causes  initially  an  increase  and  later  decrease  in  frequency.  Letters  identify 
imnulses  in  individual  neurones.    From  Prosser."™ 

Asynchronous  Spontaneous  Activity.  In  some  nerve  centers  each  neu- 
rone is  independent  of  other  neurones,  although  a  given  cell  may  discharge 
more  or  less  rhythmically,  different  neurones  having  different  frequencies. 
Such  asynchronous  activity  is  found  in  ganglionic  nervous  systems  of  anne- 
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lids  and  arthropods-'*-''-  ^^^  (Fig-  304,  C).  The  spontaneous  impulses  find 
their  way  out  to  body  muscles  and  are  tonic  in  character;  incoming  messages 
are  superimposed  on  the  spontaneous  background  (Fig.  304).  The  spon- 
taneous activity  in  the  different  units  originates  in  the  non-axon  portion  of 
the  neurone,  as  is  shown  by  the  cutting  of  interganglionic  commissures. 

Synchronous  Spontaneous  Rhythms.  In  most  nerve  centers,  however, 
there  is  some  synchrony  among  the  different  neurones.  A  synchronized 
rhythm  may  be  a  coordinated  periodic  discharge  of  many  units,  each  unit 
being  active  once  for  each  wave,  as  may  hold  for  "brain  waves."  Or  the 
rhythm  may  be  slower,  each  unit  discharging  several  times  for  each  wave, 
as  in  the  ganglionic  pacemakers  of  arthropod  hearts  or  in  respiratory  cen- 
ters. 

The  forebrain  of  fish,i*^  of  frogs  (Fig.  304,  A),-^^  and  of  mammals,^^  all 
show  rhythmic  waves  of  much  longer  duration  than  axon  spikes.  Just  what 
is  the  "unit  discharge"  in  a  wave  is  not  clear.  Probably  each  cell  depolariza- 
tion lasts  much  longer  than  an  axon  spike  but  not  so  long  as  a  full  brain 
wave.  Gerard^^"*  has  suggested  that  the  brain  wave  represents  electrical  oscil- 
lations of  soma  (non-axon)  potentials  rather  than  propagated  discharges.  The 
cortical  rhythm  in  several  mammals  is  predominantly  lO/sec,  with  faster 
and  slower  components  superposed.  However,  this  rhythm  can  be  broken 
up  into  short-duration  components,  can  be  replaced  by  irregular  asynchron- 
ous activity,  and  can  change  in  frequency  and  pattern  as  a  result  of  mental 
activity,  sensory  stimulation,  or  the  influence  of  various  salts  and  drugs. 

Electrical  activity,  as  shown  by  the  electroencephalogram  (EEG),  remains 
in  monkeys  after  removal  of  the  cortex,  but  is  profoundly  altered  by  lesions  to 
basal  ganglia  and  is  abolished  if  both  thalamus  and  hypothalamus  are  re- 
moved.^^^ 

Synchronized  rhythms  resembling  vertebrate  brain  waves  have  been  seen 
occasionally  in  invertebrates,  as  in  ganglia  of  the  slug,  Ariolimax.'''^  The  op- 
tic lobes  of  the  brain  of  Dytiscus,  when  the  eyes  are  illuminated,  show  a 
rhythm  of  20-40  waves  per  second,  whereas  in  darkness  a  synchronized 
rhythm  of  7-10  per  sec.  appears.'^ 

The  slow  rhythms  in  which  each  neurone  clearly  discharges  several  times 
for  each  wave  are  best  illustrated  in  respiratory  and  cardiac  pacemakers.  Iso- 
lated nerve  cords  of  some  insects  show  rhythmic  discharges  corresponding  to 
breathing  rate;  each  axon  discharges  several  times  during  each  respiratory 
burst.  Similar  repetitive  activity  is  found  in  single  units  of  the  mammalian 
respiratory  center,  as  indicated  in  phrenic  nerve  axons  or  muscle  units.^"-'^'  -"^-^ 
In  the  Limulus  heart  ganglion  each  unit  usually  discharges  several  times 
per  heart  beat  (Fig.  206,  Ch.  15).  It  is  possible  to  convert  the  synchron- 
ous rhythm  into  continuous  asynchronous  activity  by  alterations  in  salt  bal- 
ance.'^^^ 

Synchronization.  The  ease  with  which  synchronous  waves  can  be  con- 
verted to  asynchronous  activity  suggests  that  synchrony  is  a  pattern  imposed 
on  a  more  or  less  continuous  background.  Two  suggested  mechanisms  of  syn- 
chronization may  be  mentioned: 

1.  Neurones  may  be  caused  to  fire  together  by  slow  electrical  waves,  cat- 
electrotonically.  In  the  Limulus  heart  ganglion  each  large  pacemaker  cell 
appears  to  give  rise  to  a  slow  wave  of  negativity  which  tends  to  coordinate 
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the  discharge  of  the  smaller  motor  cells.^^^'  ^^^  When  certain  nerves  are  cut 
(crustacean  nerves),  or  when  one  cut  end  from  each  of  many  types  of 
nerve  is  dipped  into  a  citrate  solution,  the  injury  sets  up  activity  which  be- 
comes synchronized,  possibly  by  electrical  means.''  Electrical  polarization  of 
pacemaker  neurones  in  the  Limulus  cardiac  ganglion  increases  the  synchron- 
ization and  frequency  of  discharge.*^^ 

2.  Circus  conduction  in  a  closed  ring  with  side-branching  neurones  can 
maintain  a  synchronized  rhythm  (Fig.  302,  C).  Interruption  of  subcortical 
tracts  in  mammals  alters  the  brain-wave  synchrony.  Similarly  the  respiratory 
center  is  composed  of  several  centers,  and  interconnections  among  these  are 
essential  for  synchronized  respiratory  discharge.^^^ 

The  significance  of  "spontaneous"  activity  in  central  nervous  systems  is 
not  clear.  It  may  have  a  motor  effect,  although  muscle  tone  is  largely  re- 
flex. More  probably  spontaneity  represents  a  state  of  "tone"  or  high  excit- 
ability in  the  central  neurones. 

NERVE  NETS 

In  the  preceding  discussion  of  the  properties  of  synaptic  conduction  many 
examples  were  chosen  from  coelenterate  nerve  nets.  It  is  thus  evident  that 
coordinative  nervous  functions  evolved  very  early.  Nerve  nets,  or  diffuse  ner- 
vous systems,  have  been  best  studied  functionally  in  coelenterates,  both  polyps 
and  medusae,  and  in  ctenophores.  Early  histologists^^-  ^^^  pictured  the  nerve 
net  as  anastomosing  fibers  of  multipolar  and  bipolar  neurones.  Evidence^^-  *^^ 
from  vital  staining  shows  that  the  fibers  do  not  fuse;  the  junctions  are  not 
structurally  polarized  but  the  nerve  net  is  probably  not  a  syncytium. 

Conduction  in  a  coelenterate  nerve  net  proceeds  freely  in  all  directions; 
impulses  pass  around  corners  and  across  narrow  bridges.  Further,  a  contrac- 
tile wave  dies  out  with  distance  of  conduction  in  some  cases,  and  this  has 
been  cited  as  evidence  that  nerve  net  conduction  is  decremental.  Actually, 
the  picture  of  a  non-polarized  diffuse  conducting  system  is  too  simple  for  all 
the  facts.  There  is  condensation  of  fibers  into  nerve  trunks  in  sea  anemones 
and  in  medusae.  Conduction  in  some  trunks  is  fast,  also  speed  of  conduction 
in  the  subepidermal  net  in  anemones  varies  greatly  in  different  regions.^^^ 
Thus  definite  conduction  pathways  serve  specific  functions,  even  in  coelen- 
terate nervous  systems. 

Nerve  nets  also  show  facilitation.  Repeated  impulses  are  needed  to  produce 
threshold  excitation  (Fig.  227,  Ch.  16)  in  anemones,^^^  and  responsiveness 
is  enhanced  after  a  volley  in  medusae.^*  The  strength  and  extent  of  a  con- 
tractile response  depends  on  the  number  of  impulses  delivered  to  a  given  re- 
gion of  the  nerve  net.  The  decremental  appearance  of  conduction  in  a  nerve 
net  can  be  explained  in  terms  of  decreasing  facilitation  at  junctions,  as  a 
wave  spreads  out  from  its  point  of  origin.  Facilitation  may  sometimes  lead  to 
supernumerary  discharges,  a  sort  of  after-discharge. 

Two  waves  of  action  in  a  nerve  net  cancel  when  they  meet,  whether  in- 
dicated by  blocking  of  contraction-^^  or  of  luminescence^^*  (see  p.  805), 
probably  because  of  refractoriness.  In  a  jellyfish  ring,^"*''  if  the  absolute  re- 
fractory period  of  the  nerve  elements  (0.25  sec.  at  24.5°,  0.8-0.62  sec.  at 
15°)  exceeded  the  circulation  time,  the  wave  stopped.  Cancellation  of  a 
wave  by  mechanical  pressure  raises  the  possibility  that  some  of  the  net  con- 
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duction  is  reflex  in  nature;  i.e.,  that  contracting  muscles  re-excite  conduct- 
ing fibers.  Reciprocal  contraction  of  circular  and  radial  muscles  does  occur. ^'* 
The  possibility  of  such  reflex  arcs  in  nerve  net  systems  seems  not  to  have 
been  explored. 

PERIPHERAL  VERSUS  CENTRAL  CONTROL   OF  LOCOMOTION 

A  subepidermal  nerve  network  exists  in  many  animal  groups— echinoderms, 
balanoglossids,  annelids,  and  molluscs.  Jordan-'^"  has  called  those  animals  in 
which  behavior  is  under  peripheral  control  the  "hohlorganartige  Tiere."  Jor- 
dan and  his  students  think  of  the  peripheral  network  in  invertebrates  as  anal- 
ogous to  autonomic  ganglia,  centers  of  distribution  of  certain  centrally  orig- 
inating messages.  To  what  extent  can  the  peripheral  system  act  independ- 
ently? It  is  appropriate  to  compare  locomotion  in  many  invertebrates  with 
movement  of  the  mammalian  intestine,  in  which  the  nerve  network  is  es- 
sential for  coordinated  movements,  even  though  the  muscle  may  be  capable 
of  spontaneous  movement.  The  subepidermal  nervous  system  and  the  cen- 
tral nervous  system  may  be  in  competition  with  respect  to  locomotor  control. 
The  competition  between  peripheral  and  central  nervous  components  is  of 
phylogenetic  interest.  In  general,  in  more  sluggish  animals,  the  peripheral 
system  is  more  important,  and  in  more  active  forms  central  reflexes  take  over 
locomotor  reactions.  Even  in  animals  where  locomotion  is  entirely  centrally 
controlled,  visceral  plexi  remain  autonomous,  e.g.,  the  myenteric  plexus  of 
the  vertebrate  intestine  and  the  stomatogastric  system  of  annelids  and  arthro- 
pods. 

The  peripheral  portion  of  the  nervous  system  is  more  important  for  loco- 
motion in  echinoderms  and  in  balanoglossids  than  in  any  of  the  worms,  mol- 
luscs, or  arthropods.  The  nervous  system  of  echinoderms  consists  of  a  central 
oral  ring  from  which  the  radiating  ambulacral  nerves  originate.  These  radial 
nerve  trunks  contain  cell  bodies  and  connect  by  branches  to  the  peripheral 
network  which  innervates  tube  feet,  spines,  etc.^^^  The  peripheral  network 
contains  ganglion  cells,  in  Echini  in  rings  at  the  base  of  large  spines.  The 
peripheral  nerve  network  can  conduct  impulses  independently  of  the  ring 
and  radial  nerves.  Jennings^-"*  cut  through  a  radial  nerve  of  a  starfish  and 
found  that  a  prick  at  the  tip  of  the  injured  ray  caused  pedicellariae  of  other 
rays  to  rise.  In  a  piece  of  the  dorsal  body  wall  of  a  starfish,  stimuli  in  any  part 
excite  all  of  the  pedicellariae  on  the  piece.  If  one  arm  of  an  ophiuroid  is 
placed  under  tension,  excitation  of  the  ring  goes  to  the  stretched  arm  rather 
than  to  other  arms.''^®  Similar  observations  were  made  with  fragments  of  sea 
urchin  shells,  in  which  spine  movement  in  response  to  NaCl  stimulation 
was  studied.-*^  A  piece  of  paper  soaked  in  NaCl  caused  a  nearby  spine  to 
bend  toward  the  stimulus;  if  a  cut  was  made  between  the  paper  and  the 
spine,  there  was  no  response.  If  one  spine  was  pulled,  a  nearby  one  was 
stimulated  to  bend;  if  a  cut  was  then  made  between  the  two,  the  excitation 
still  spread  from  one  to  the  other,  provided  a  third  spine  was  at  the  end  of 
the  cut.  If  a  spine  was  held  so  that  it  could  not  move,  waves  were  not  con- 
ducted past  it.  These  results  indicate  that  the  ganglion  cells  at  the  base  of 
each  spine  constitute  local  reflex  centers,  and  that  the  peripheral  system  is 
not  a  continuous  network. 

The  starfish  central  ring  has  a  directive  function.  A  starfish  with  radial 
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nerves  cut  eventually  rights  itself  but  shows  poor  coordination.^*'  If  all  ele- 
ments of  the  ring  are  removed,  an  isolated  arm  travels  toward  its  base;  if  a  bit 
of  the  ring  remains,  the  arm  moves  toward  its  distal  end;  if  the  ring  is  cut  in 
two  places,  the  starfish  pulls  itself  in  two.  Ophiuroids  show  no  fixed  central 
control  but  a  "plastic  reciprocal  relation  between  peripheral  conditions  and 
central  functioning".-^*^  In  two  monographs  Smith^^^.  386  j^^s  described  the  in- 
terrelations between  peripheral  plexi,  and  radial  and  ring  nerves  as  a  series 
of  reflex  arcs.  In  general,  the  central  ring  of  echinoderms  is  directive,  the 
radial  nerves  are  necessary  for  true  locomotion  and  righting,  but  alone  the 
peripheral  system  can  permit  a  certain  amount  of  coordination  between 
pedicellariae,  spines,  etc. 

The  nervous  system  of  balanoglossids  (Enteropneusta)  consists  of  a  sub- 
epidermal plexus,  together  with  dorsal  and  ventral  cords  and  collar  connec- 
tives.'^'^ Experiments  in  which  the  cords  were  cut  showed  that  the  subepi- 
dermal network  can  conduct  both  circularly  and  longitudinally  but  conducts 
more  readily  circularly.  Conduction  in  the  proboscis  is  entirely  by  way  of  the 
subepidermal  network.  The  dorsal,  ventral,  and  collar  trunks  seem  to  be 
essentially  conducting  cords  and  show  little  integrative  activity. 

In  tunicates  a  single  ganglion  lies  between  the  two  siphons.  Experimental 
work  has  been  done  largely  on  Ciona  and  Ascidia,  in  which  a  peripheral 
nerve  net  has  not  been  adequately  demonstrated.  When  the  ganglion  is  re- 
moved or  cut  transversely,  intersiphonal  reflexes  are  abolished.^ ^^ •^^*'' ^^^ 
Strong  protective  reflexes  are  also  abolished.  Local  responses  of  a  single 
siphon  and  of  the  body  to  mechanical  stimuli  remain,  but  reaction  time  is 
increased  and  excitability  diminished.  Opinions  are  equally  divided  as  to 
whether  tonus  is  increased  or  decreased  by  extirpation  of  the  ganglion.^^^  A 
contraction  wave  was  conducted  around  a  cut  which  slit  a  siphon. ^^^  It 
seems  certain  that  a  direct  connection  exists  from  epidermal  receptors  to 
underlying  muscles  in  ascidians,  but  conduction  and  tonus  properties  of  the 
muscle  need  elucidation. 

Among  higher  chordates  peripheral  nerve  networks  persist  only  for  coor- 
dination of  smooth  muscle  movement,  particularly  in  the  gut.  On  the  other 
side  of  the  phylogenetic  tree  (worms,  molluscs,  arthropods),  peripheral  nets 
are  less  important  in  controlling  locomotion  than  on  the  echinoderm-chordate 
side. 

Among  flatworms  dependence  on  central  neurones  is  striking,  in  view  of 
the  primitiveness  of  these  worms  in  other  respects.  In  free-living  flatworms 
the  nerve  trunks  (2  to  8  in  number)  run  posteriorly  from  the  brain  and 
contain  nerve  cells  which  are  not  grouped  into  ganglia.  As  long  as  a  por- 
tion of  one  of  these  nerve  cords  is  left  in  a  piece  of  a  planarian,  spontaneous 
movement  and  some  coordinated  responses  persist.^^  A  bit  of  remaining  nerve 
cord  is  necessary  also  in  nemerteans.^^^  The  only  example  of  independent 
function  of  the  peripheral  system  is  in  the  planarian  proboscis  where,  if  the 
two  connections  to  the  central  nerve  trunks  are  severed,  the  proboscis  auto- 
amputates  and  shows  food-seeking  reactions.^^'^ 

Annelids,  being  tubular  and  containing  a  movable  coelomic  fluid,  might 
well  be  expected  to  show  peripheral  coordination.  In  the  earthworm  a  sub- 
epidermal plexus  of  branching  fibers  and  scattered  nerve  cells  lies  outside 
the  circular  muscles;  each  central  ganglion  gives  rise  to  three  pairs  of  seg- 
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mental  nerves,  containing  both  sensory  and  motor  fibers,  which  connect  with 
the  subepidermal  plexus.  Can  this  peripheral  network  conduct  impulses  along 
the  body?  Can  a  strip  of  earthworm  body  wall  move  spontaneously?  Are 
epidermal  sense  cells  connected  through  the  peripheral  network  directly  to 
muscles? 

It  has  long  been  known  that  if  the  ventral  nerve  cord  is  cut  or  is  removed 
from  the  earthworm  for  several  segments,  peristaltic  waves  still  pass  from 
one  end  of  the  worm  to  the  other.  Peristaltic  transmission  occurs  if  the  two 
pieces  of  a  transected  worm  are  connected  by  a  thread  or  when  a  few  seg- 
ments are  anesthetized.^'*"  If  part  of  the  nerve  cord  is  removed,  a  wave  of 
mucus  secretion  fails  to  pass  from  normal  to  denervated  segments.^"*  If  the 
nerve  cord  is  removed  from  more  than  three  segments  and  those  segments  are 
firmly  pinned  down  so  that  no  pull  can  be  exerted  beyond  them,  no  peris- 
taltic wave  passes,  but  if  fewer  than  three  segments  are  denervated  and 
these  segments  pinned  down,  a  wave  is  conducted. •*■'*'  Action  potentials  in 
the  segmental  nerves  show  that  each  nerve  serves  three  segments,  the  different 
nerves  serving  overlapping  fields  which  are  fairly  discrete.  When  one  nerve 
is  stimulated  there  is  contraction  in  its  own  segment  and,  to  a  less  extent,  in 
adjacent  segments.^'*''  When  a  T-shaped  cut  is  made  in  the  lateral  body 
wall  of  an  earthworm,  transmission  of  a  contraction  wave  occurs  "around 
the  corner"  if  the  nerve  cord  is  intact,  but  not  when  the  nerve  cord  is  lack- 

Spontaneous  contractions  have  been  seen  in  strips  of  earthworm  body 
wall  lacking  the  ventral  nerve  cord  and  have  been  denied. ^^^  Janzen^^**  ob- 
tained spontaneous  periodic  contractions  in  strips  of  earthworm  body  wall 
which  had  been  narcotized  during  dissection,  but  not  in  non-narcotized 
strips;  the  contractions  were  usually  local  but  could  be  propagated;  the  two 
muscle  layers  could  contract  separately.  Hatai^'^'^  reported  spontaneous  activ- 
ity in  dorsal  strips  from  the  posterior  end  of  Alloloho'phora,  but  not  from 
the  anterior  portion,  and  not  at  all  from  Perichaeta.  When  dorsal  pieces  are 
isolated  in  Lumhricus  the  muscles  of  segments  anterior  to  and  including  the 
clitellum  often  contract  at  the  edges  for  hours  after  excision,  this  probably 
being  a  response  of  the  muscle  to  injury;  these  excised^  segments  fail  to  show 
spontaneous  movements.  Postclitellar  strips  relax  but  are  not  spontaneously 
active.  Dorsal  strips  consisting  of  about  twenty  extreme  posterior  segments, 
however,  sometimes  show  spontaneous  contractions.^-"  It  appears  then  that 
posterior  regions  of  the  dorsal  body  wall  of  earthworms  are  capable  of  spon- 
taneous movement  and  that  contractions  can  occur  in  conducted  waves,  but 
there  is  no  reason  to  implicate  the  subepidermal  plexus.  Conduction  may  be 
from  muscle  cell  to  cell  as  in  vertebrate  smooth  muscle.  The  body  wall  muscle 
may,  like  the  smooth  muscle  of  the  mammalian  intestine,  be  capable  of 
some  intrinsic  movement. 

Janzen^^^  found  that  tactile  stimulation  of  dorsal  body  strips  elicited  con- 
tractions, usually  local  but  sometimes  propagated;  spontaneously  active 
strips  showed  the  best  responses.  The  body  wall  muscle  may  be  responding 
to  direct  stimulation,  f^owever,  in  a  few  of  the  preparations  from  the  posterior 
end  of  Lumhricus  a  clear-cut  response  to  bright  illumination  was  obtained 
after  dark-adaptation.^^'^  It  is  probable  that  in  the  response  to  illumination 
and  to  very  light  touch  there  is  some  direct  connection  between  sense  end- 
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ings  and  muscle.  However,  the  weakness  and  the  local  nature  of  the  response 
and  its  virtual  absence  in  anterior  segments  show  that  it  can  hardly  be  of 
importance  in  behavior. 

The  preceding  evidence  indicates  that  the  subepidermal  plexus  of  the 
earthworm  is  not  a  true  nerve  net  for  general  conduction,  that  although  there 
may  be  connections  through  it  from  sense  cells  to  muscle  these  cannot  be 
of  importance  in  behavior,  and  that  there  is  no  indication  that  the  network 
plays  any  part  in  initiating  spontaneous  movement  of  the  body  wall.  The 
peripheral  plexus  is  probably  a  sensory  relay  area  since  there  are  many 
more  epidermal  and  muscle  sense  cells  than  there  are  segmental  nerve  fibers. 
330  It  is  possible  that  among  more  primitive  annelids  the  connection  through 
the  peripheral  plexus  from  sense  organs  to  muscle  was  important  but  that  in 
earthworms  the  central  nerve  cord  has  now  taken  over  complete  control.  Cer- 
tainly among  polychaetes  (e.g.,  Arenicola^^^^  there  is  no  evidence  of  any 
conduction  of  peristaltic  waves  except  by  way  of  the  nerve  cord. 

In  gastropod  molluscs  a  subepidermal  plexus  has  been  described,  particu- 
larly in  the  foot.'*^-  ^s  Small  pieces  of  the  foot  of  a  slug  show  peristaltic  move- 
ment.*^ Jordan^^^  removed  the  paired  pedal  ganglion  from  Aplysia  and  noted 
a  marked  increase  in  tonus  of  the  "wings";  this  was  arbitrarily  attributed  to 
a  release  of  the  peripheral  net  from  inhibition  by  the  pedal  ganglion.  When 
ganglionic  connections  to  the  "wings"  of  Aplysia  were  cut-''^  and  one  of  the 
motor  nerves  was  stimulated,  there  was  an  immediate  contraction  of  the  area 
served  by  that  nerve,  followed  by  a  peristaltic  wave  which  spread  out  from 
this  area.  This  wave  was  said  to  be  reflex  in  nature,  with  the  peripheral  net- 
work conducting  the  impulses.  Excised  labial  palps  of  Anodonta  show  auton- 
omous responses  to  stimulation  by  light,  touch,  and  chemicals.^^  These  palps 
must  CO  .tain  direct  connection  through  the  peripheral  nervous  network 
from  sense  organs  to  muscle.  In  general,  molluscan  subepidermal  networks 
relay  messages  from  central  ganglia  but  are  incapable  of  any  independent 
locomotor  control.  There  is  little  doubt  that  normal  coordinated  locomotion 
of  the  foot  requires  the  presence  of  the  pedal  ganglia.  More  knowledge  of 
the  conduction  properties  of  the  muscle  is  needed  before  functional  import- 
ance can  be  assigned  to  the  peripheral  network. 

The  use  of  a  peripheral  nerve  network  in  locomotion  appears  with  slight 
success  in  the  echinoderm-chordate  line,  and  with  still  less  success  in  the 
annelid-arthropod-mollusc  line.  In  the  higher  groups— vertebrates,  polychaetes, 
cephalopod  molluscs,  and  arthropods— there  is  no  evidence  of  a  peripheral 
network  for  locomotor  control.  Yet  in  most  of  these  a  nerve  network  is  re- 
tained for  regulation  of  movement  in  the  digestive  system.  Central  nervous 
reflexes  have  become  dominant  patterns  in  animal  behavior. 

GANGLIONIC  FUNCTION  IN  INVERTEBRATES 

Locomotion  is  under  reflex  control  in  annelids,  arthropods,  molluscs,  and 
chordates,  but  ganglionic  reflexes  in  invertebrates  have  not  been  subjected  to 
such  complete  analysis  as  spinal  reflexes  in  mammals. 

Annelids.  A  number  of  segments  of  the  ventral  nerve  cord  of  an  annelid, 
isolated  from  the  body  musculature,  can  conduct  a  peristaltic  wave  to  the 
region  beyond.  Normally,  however,  the  wave  is  reinforced  by  the  segmental 
reflexes. 
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Collier^''*^  suspended  20-40  intact  segments  of  earthworms  in  a  saline  bath 
and  found  no  peristalsis  if  the  worms  were  carefully  balanced.  If,  however, 
a  slight  stretch  (0.1-1.0  gm.  on  the  recording  lever)  or  a  tactile  stimulus  was 
applied,  peristalsis  resulted  (Fig.  305).  Tension  and  touch  elicited  peristalsis 
only  if  the  preparation  was  normally  innervated.  When  the  tactile  receptors 
are  anesthetized,  peristalsis  can  be  intiated  by  tension. 

A  tension-induced  peristaltic  reflex  can  be  inhibited  by  strong  tactile  stimu- 
lation, e.g.,  by  touching  the  anterior  end  during  a  tension  wave^*^"  (Fig-  305). 
Whether  the  blocking  eff'ect  of  an  antiperistaltic  wave  is  due  to  central  in- 
hibition or  to  refractoriness  somewhere  in  the  reflex  chain  is  not  clear.  Main- 
tained tension  sets  up  rhythmic  contractions  at  a  maximum  frequency  of  one 
every  two  seconds;  the  frequency  increases  to  a  maximum  as  the  applied 
weight  is  increased.  If  the  weight  is  appHed  for  only  0.5  second,  a  rhythmic 
response  occurs,  a  sort  of  after-discharge  which  may  last  as  long  as  3  minutes. 
In  the  leech  not  only  tension  and  contact  but  also  exteroceptive  stimuli  from 
the  sucker  are  capable  of  eliciting  peristaltic  reflexes.^'^^  The  leech  nerve  cord 
shows   asynchronous   spontaneous   electrical   activity   when   isolated,   and   a 


Fig.  305.  Reflex  rhythmic  contractions  in  an  earthworm  in  response  to  tension  applied 
at  arrow  and  inhibited  by  tactile  stimulation  of  dorsal  surface  at  time  indicated  by  signal 
magnet  record  above  response.  From  Collier.^"" 

rhythm  corresponding  to  the  contractile  rhythm  when  connected  to  an  active 
piece  of  the  body  wall.  Peristalsis  can  be  started  in  an  earthworm^^^  by  elec- 
trical polarization  with  the  anterior  end  positive  and  peristalsis  can  be  in- 
hibited by  reverse  polarization. 

Peristaltic  locomotion  in  the  polychaete  Arenicola  is  likewise  controlled  by 
segmental  reflexes,  and  stimuli  at  the  anterior  and  posterior  ends  cause  oppo- 
site parapodial  movements.^^-  Motion  pictures  of  Nereis  in  locomotion^'''* 
show  patterns  of  movement  successively  involving  clumps  of  4  to  8  parapodia. 
iAiCcompanying  the  wave  of  parapodial  beat  the  longitudinal  muscles  on  the 
same  side  contract  while  those  on  the  opposite  side  relax.  Thus  the  Nereis 
crawls  in  the  direction  in  which  the  wave  travels  over  the  body  and  not,  as 
does  the  earthworm,  in  the  opposite  direction. 

The  earthworm  peristaltic  reflex  is  segmental,  bi-segmental  or  tri-segmental 
in  character,  with  reciprocal  innervation  of  longitudinal  and  circular  mus- 
cles. Circular  muscles  contract  while  longitudinal  muscles  relax,  and  the 
diameter  of  the  animal  is  reduced.  Then  longitudinal  muscles  contract, 
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shortening  the  worm.  Strychnine  stimulates  the  motor  system  for  both  sorts 
of  muscle,  so  that  under  strychnine  the  worm  shortens  and  also  constricts;^*^ 
normally  one  group  of  motoneurones  is  inhibited  while  the  antagonists  are 
excited.  Janzen-^^  described  correlative  reflexes  controlling  the  setae.  The  lo- 
comotor reflexes  have  both  homolateral  and  crossed  nervous  components. 

The  rhythmic  contraction  waves  of  peristaltic  locomotion  in  annelids  re- 
quire chain  reflexes  involving  tactile  or  muscle  or  sucker  receptors  and  an- 
tagonistic central  arcs.  What  recovery  mechanisms  are  so  slow  as  to  deter- 
mine the  frequency  of  contraction  under  continuous  stimulation  is  not  clear, 
but  they  may  well  be  in  the  muscle  rather  than  in  the  central  nervous  sys- 
tem. 

Arthropods.  Arthropod  locomotion  depends  on  central  conduction  and  on 
segmental  reflexes  which  show  more  complex  connections  than  in  annelids. 
In  insect  larvae  such  as  Lucanus,  peristalsis  depends  on  the  integrity  of  the 
nerve  cord.-^^'^  When  a  segmental  nerve  is  cut,  its  segment  is  paralyzed  but 
conducts  a  wave  to  succeeding  segments  if  the  cord  remains  intact.  Tonus 
is  lost  in  skeletal  muscles  of  a  silkworm  if  ganglia  are  removed.^^^  In  some 
lepidopteran  larvae  (noctuids),  each  segmental  ganglion  serves  its  own  seg- 
ment and  the  one  ahead.-*''^ 

The  reflex  control  of  insect  walking  and  flight  and  of  breathing  is  very  pre- 
cise. In  1899  Pompilian  noted  some  automatism  of  thoracic  ganglia  for  leg 
movements  in  Dytiscus.  Flight  can  be  initiated  reflexly  by  removing  the  legs 
from  support;  i.e.,  tarsal  contact  inhibits  flight.^"*''  Leg  muscles  of  scorpions, 
crayfish,  and  some  beetles  show  tonic  low  potential  discharges  at  30-40/sec. 
during  rest,  and  muscle  potentials  of  higher  amplitude  and  frequency  during 
activity.'^-''^  When  one  or  two  segments— ganglion  and  limbs— are  isolated, 
reciprocal  alternate  contractions  of  flexors  and  extensors  in  successive  seg- 
ments occur.  Pringle'^^^  made  similar  observations  on  the  cockroach  and  no- 
ted crossed  inhibition.  A  variety  of  operations  on  the  nervous  system  of  the 
walking  stick  Dixifpus  show  that  each  leg  by  its  motion  has  a  reflex  stimu- 
lating effect  on  neighboring  legs.*''"' 

When  the  normal  sequence  of  leg  movement  is  upset  by  removing  legs 
from  various  spiders,  crabs,  beetles,  etc.,  changes  in  coordination  occur  at 
once."*^'  -^''  Legs  which  previously  alternated  now  work  together,  pedipalps 
may  function  in  locomotion,  swimming  is  carried  out  by  other  legs  than  it  is 
normally.  Holding  a  leg  is  not  equivalent  to  removing  it.  The  changes  occur 
too  fast  for  learning  and  must  represent  pre-existing  pathways  and  an  adap- 
tive property  of  the  ganglia.  Ten  Cate"*"^  obtained  alterations  in  coordination 
in  a  cricket  if  he  removed  a  foot  only.  He  concluded  that  the  normal  se- 
quence and  rhythm  is  set  up  reflexly.  However,  the  new  response  does  occur 
over  central  connections  already  established.  Not  only  can  changes  in  leg 
rhythm  be  brought  about  by  amputation,  but  they  also  occur  with 
normal  changes  in  gait.  The  mantis  leg  order,^^^  for  example,  when  the  in- 
sect is  quietly  walking,  is  L  (left)  3,  L  2,  R  (right)  3,  R  2;  when  it  is  excited 
and  walking  fast,  the  rhythm  is  L  2  -|-  R  2,  L  3  +  I^  3;  when  climbing, 
L3-f-Rl.L2-(-R3,  LI  -fR2.  In  some  insects  the  order  of  leg  move- 
ment depends  on  the  kind  of  surface;  i.e.,  the  order  is  determined  by  pro- 
prioceptive reflexes.-"^ 
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Prosser^^^  recorded  action  potentials  from  various  segmental  nerves  and 
from  the  central  nerve  cord  of  the  crayfish.  By  stimulating  different  append- 
ages and  making  appropriate  cuts,  he  obtained  a  functional  map  of  the  nerve 
cord.  The  available  connections  are  multiple;  which  ones  are  used  in  a  given 
behavior  pattern  must  depend  on  the  strength  of  stimulus  and  on  the  ease 
of  passage  through  a  particular  reflex  arc. 

Locomotor  rhythms  in  insects  and  Crustacea,  as  in  annelids,  are  reflex  in 
nature,  and  a  variety  of  patterns  of  locomotion  may  be  used,  depending  on 
external  requirements. 

Molluscs.  In  gastropod  and  pelecypod  molluscs,  locomotor  reflexes  are 
mediated  by  three  pairs  of  ganglia— cerebral,  pedal,  and  visceral. 

Pavlov  in  1885  experimented  with  the  mussel  Anodonta.  Spontaneous  ac- 
tivity of  the  foot  stopped  when  the  visceral  ganglion  was  removed,  but  tonus 
could  still  be  maintained  in  the  adductor  muscles  after  they  were  denerv- 
ated.  The  posterior  adductor  muscle  received  motor  (exciting)  impulses  from 
the  visceral  ganglion,  the  anterior  adductor  from  the  cerebral  ganglion;  both 
adductors  recei\'ed  inhibitory  fibers  from  the  cerebral  ganglion.  In  the  razor- 
shell  clam  Ensis^^^  local  stimulation  of  the  foot  failed  to  elicit  general  re- 
sponses if  the  sensorv  connections  to  the  cerebral  ganglia  were  eliminated. 
Crossed  responses  go  from  one  cerebral  via  the  visceral  back  to  the  other 
cerebral  ganglion."^  In  Mytilus'^^^  all  of  the  ganglia  act  somewhat  independ- 
ently; e.g.,  if  the  cerebral  ganglion  is  removed  the  foot  still  spins  and  creeps, 
by  pedal  control.  If  the  visceral  ganglion  is  removed,  opening  and  closing 
reactions  to  changes  in  freshness  of  water  are  lost.  All  of  these  observations 
argue  for  fairly  restricted  control  of  local  areas  by  specific  ganglia  in  pelecy- 
pods. 

In  gastropods  the  pedal  ganglion  gives  off  a  series  of  nerves  which  appear 
to  discharge  successively  to  elicit  peristalsis  along  the  foot."*^  When  the  pedal 
ganglion  of  Aplysia  was  removed'---'  the  foot  showed  more  resistance  to  stretch 
(tonus)  and  contractions  occurred,  particularly  at  the  foot  margins.  When 
the  cerebral  ganglion  was  removed  there  was  increased  locomotor  activity 
and  increased  excitability  of  the  "wings"  (foot).  It  has  been  suggested 
therefore,  that  the  cerebral  ganglion  inhibits  locomotor  functions  of  the 
pedal  ganglion  and  that  the  pedal  ganglion  inhibits  tonic  mechanisms  in  the 
foot.  Each  nerve  from  the  "wings"  contains  sensory  fibers  which  reflexly 
through  the  pedal  ganglion  elicit  contractions  in  certain  areas  of  the  oppo- 
site side  of  the  foot.  The  cerebral  ganglion  is  not  necessary  for  this  response. 
If  the  interpedal  commissure  is  cut,  only  the  homolateral  responses  persist. 
In  HeliXy  foot  potentials  indicate  that  the  cerebral  ganglion  inhibits  motor 
cells  of  the  pedal  ganglion. ^'-"^ 

Ganglionic  reflexes  control  the  muscles  and  chromatophores  of  the  mantle 
and  fin  of  cephalopods.  The  mande  nerve  goes  from  the  brain  mass  to  the 
mantle  or  stellate  ganghon  and  from  this  the  stellar  nerves  pass  to  the  man- 
tle. The  mantle  ganglia  maintain  tonus  of  the  muscles  and  chromatophores 
of  the  mantle.^^-  Stimulation  of  the  mantle  nerve  at  low  intensity  inhibits 
the  stellate  ganglion,  at  higher  intensities  excites  it.  Ganglionic  delay  of  10 
msec,  has  been  reported  and  summation  indicated.  Fatigue  of  a  stellar  nerve 
did  not  affect  the  mantle  nerve.  When  the  mantle  nerve  was  cut,  a  weak 
reflex  response  could  be  elicited  through  the  stellate  ganglion  alone.  Reflex 
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contraction  can  be  elicited  over  either  \)f  two  pathways  from  the  mantle, 
via  the  brain  mass  (traversing  the  stellate  ganglion  for  both  afferent  and  ef- 
ferent fibers),  or  via  the  stellate  ganglion  alone.^^^- ^''" 

Molluscs,  in  general,  have  well  developed  local  reflex  centers  which  may 
show  some  interaction  but  which  have  relatively  restricted  control  of  par- 
ticular sensory  and  motor  areas.  In  this  respect  molluscs  are  even  more  high 
ly  specialized  than  the  segmental  arthropods. 

CEPHALIC  DOMINANCE  IN  INVERTEBRATES 

A  step  in  complexity  of  nervous  function  beyond  local  or  segmental  re- 
flexes is  the  increasing  importance  of  centers  near  the  anterior  end  of  the 
animal.  This  importance  depends  first  on  the  concentration  of  sense  organs 
at  the  front  end  of  the  animal  and  second  on  coordinative  functions  of  the 
"brain"  ganglia. 

Flatworms.  In  the  free-livins  flatworms  the  brain  is  associated  with  eves 
and  other  sense  organs.  In  the  polyclad  Thysanozoon  the  brain  is  needed  for 
spontaneous  locornotion,^^"  and  after  removal  of  the  brain  or  head  the  poly- 
clad Yungia  is  inactive  and  less  sensitive  than  it  is  normally  but  it  can  be 
stimulated  mechanically  or  chemically  to  perform  swimming  movements.-'^"' 
In  Yungia,  some  hours  after  the  operation,  spontaneous  and  coordinated  but 
undirected  movement  occurs.  In  some  marine  polyclads  swimming  stops  but 
ciliary  action  persists  if  the  brain  is  removed  or  split;^^**  the  rippling  move- 
ment (ataxic  locomotion)  continues,  but  extension,  placing,  and  release  (di- 
taxic  locomotion)  and  peristalsis  stop  since  these  require  conduction  from 
the  brain  back  over  lateral  cords.  Righting  appears  to  require  the  brain  in 
the  polyclad  Planocera  but  not  in  the  triclad  Planaria.^*^'^  In  Planaria,  loco- 
motion and  reflex  extension  of  the  pharynx  and  swallowing  continue  after 
removal  of  the  head,  but  normal  behavior  to  food  reappears  only  after  the 
brain  regenerates.^*' 

In  cestodes,  a  wave  of  contraction  progresses  backward  across  a  cut  through 
lateral  cords,  being  conducted  reflexly  by  tension  applied  behind  the  cut.'^'**' 
Cutting  one  lateral  cord  results  in  circus  movements  in  those  species  of  ne- 
merteans  in  which  transverse  connections  between  lateral  cords  are  incom- 
plete, but  not  where  the  cords  are  connected.  ^•''^  In  summary,  the  flatworm 
brain  relays  sensory  messages  and  coordinates  motor  responses,  there  being 
no  other  ganglia;  its  directive  function  is,  therefore,  very  important. 

Annelids.  An  earthworm  has  sensory  cells  of  various  types— tactile,  chem- 
ical, and  light  receptors,  scattered  throughout  the  epidermis,  but  most  con- 
centrated in  the  prostomium  and  anterior  segments.  Only  the  sense  cells 
which  are  sensitive  to  dryness  seem  restricted  to  the  prostomium.-^^'"  Nereis 
(Neanthes'),  on  the  other  hand,  has  fewer  epidermal  receptors;  its  effective 
chemoreceptors  are  on  palps  and  tentacles,  and  instead  of  scattered  photo- 
sensitive cells  it  has  several  pairs  of  eyes  on  its  head.  After  the  brain  is  re- 
moved from  an  earthworm  the  anterior  segments  are  lifted  upward,  it  crawls 
normally,  appears  restless  and  active,  it  can  right  itself,  can  copulate,  eat, 
and  burrow^  in  half  an  hour  as  compared  with  a  normal  time  of  one  to  two 
minutes.-**-^'  '•'•-^  After  the  brain  is  removed  from  a  nereid  worm,  it  no  longer 
feeds,  does  not  burrow,  is  over-active  and  has  lost  its  light  sensitivity  and 
most  of  its  chemical  sensitivity.-*"''  -•^•'   When  the  subesophageal  ganglion  is 


Nervous  Systems 


817 


removed  from  either  type  of  worm  there  is  no  burrowing  and  the  worms  are 
very  quiet.  The  brain,  then,  is  a  sensory  center,  and  it  normally  has  an  in- 
hibitory or  restraining  control  over  the  motor  centers  in  the  subesophageal 
ganglion. 

An  example  of  integrative  cephalic  dominance  which  has  a  simple  morpho- 
logical basis  is  found  in  the  responses  of  an  earthworm  to  light.  An  earth- 
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Fig.  306.  Sections  of  brains  (supraesophageal  ganglia)  of  several  invertebrate  animals. 
A,  Nereis;  B,  the  crustacean  Calocaris;  C,  a  worker  honeybee.   From  Hanstrom.^** 

worm  normally  responds  negatively  to  lateral  illumination.  When  the  brain 
is  removed  the  direction  of  its  response  is  reversed.^^-  If  the  ventral  cord  is 
transected  a  few  segments  behind  the  subesophageal  ganglion,  the  anterior 
tip  turns  away  from  the  light,  whereas  the  region  behind  the  cut  tends  to 
bend  toward  the  light.  If  one  esophageal  connective  is  cut,  the  worm  tends 
to  circus  toward  the  normal  side  and  when  illuminated  from  the  intact  side 
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turns  toward  the  light,  but  when  illuminated  from  the  operated  side  it  turns 
away  from  the  light.'^-"^' -^'^  Apparently  the  scattered  photoreceptors  set  up 
a  homolateral  reflex  in  the  ventral  ganglia,  a  positive  response  to  light;  the 
tracts  from  the  prostomium  and  first  two  segments,  however,  cross  in  the 
brain  and  cause  a  negative  response.  The  brain  normally  dominates,  but  at 
very  low  light  intensities  a  positive  response  may  occur. 

The  brains  of  some  polychaete  worms  are  complex  and  have  lobes  corre- 
sponding to  the  specialized  forebrain  centers  of  arthropods. ^^^  These  lobes 
(corpora  pedunculata)  are  best  developed  in  free-swimming  polychaetes 
which  have  cuticular  eyes  (Fig.  306,  A);  they  do  not  occur  among  oligo- 
chaetes.  An  investigation  of  integrative  functions  of  the  polychaete  brain 
should  be  very  interesting. 

Arthropods.  There  is  much  variation  in  complexity  of  the  brain  among 
different  groups  of  arthropods.  In  general  there  are  three  regions:  the  proto- 
cerebrum,  the  deutocerebrum,  and  the  tritocerebrum.  The  bulk  of  the  lateral 
portions  of  the  protocerebrum  is  devoted  to  vision  centers  which  are  directly 
connected  to  the  eyes;  the  middle  and  anterior  portions  contain  the  associa- 
tion areas,  the  protocerebral  bridge,  the  central  body,  and  the  large  cellular 
corpora  pedunculata  (Fig.  306,  B,  C).  There  are  no  corpora  pedunculata 
among  some  lower  Crustacea.  The  deutocerebrum  usually  lies  ventro-an- 
teriorly  and  may  contain  large  antennal  centers  as  well  as  "olfactory"  lobes. 
The  tritocerebrum  lies  behind  and  customarily  gives  rise  to  certain  nerves 
going  to  mouthparts  as  well  as  to  the  stomatogastric  nerves;  the  tritocerebrum 
is  continuous  with  the  circumesophageal  connectives. 

In  view  of  the  complex  instinctive  behavior  and  limited  but  real  modifi- 
ability  of  behavior  in  arthropods,  especially  among  insects,  an  understanding 
of  the  function  of  diflferent  parts  of  the  brain  should  be  useful.  Hanstrom^^-^ 
has  compared  the  relative  portions  of  the  brain  mass  occupied  by  different 
regions  in  various  groups  as  in  Table  78. 

Since  the  days  of  Aristotle,  the  observation  of  behavior  of  arthropods  from 
which  parts  of  the  body  have  been  removed  has  been  a  favorite  pastime  of 
naturalists.  Reviewers^'" •  ^"-  have  listed  fifteen  papers  dealing  with  brain 
operations  in  crustaceans,  sixteen  on  insects,  and  five  on  myriapods.  The 
findinos  are  roughly  similar  in  all  of  these  studies. 

Removal  of  any  part  of  the  brain  which  receives  tracts  from  any  sense 
organ  is  equivalent  to  removing  that  sense  organ.  Immediately  after  removal 
of  a  sense  organ  or  injury  to  the  brain,  there  may  be  a  shock  reaction  of  gen- 
eral incoordination.  Thereafter,  specific  behavioral  deficiencies  appear.  Most 
arthropods  can  eventually  compensate  for  the  removal  of  one  eye  or  of  an 
antenna,  whereas  injurv  to  the  brain  leaves  a  more  permanent  behavior  de- 
ficiency. If  both  circumpharyngeal  connectives  are  transected,  reflexes  of  the 
head,  such  as  antennary  movements,  remain;  otherwise  the  effect  is  like  total 
brain  removal.  Spontaneous  directed  locomotion  ceases,  although  locomotion 
is  possible  under  stimulation.  Locomotion  is  less  impaired  by  brain  removal 
in  some  species  (_Carcinus  and  Eupagurus^  than  in  others  (AsfacMs).  Mouth- 
parts  may  move,  but  usually  there  is  no  coordinated  feeding.  Some  animals 
can  chew  but  cannot  swallow  after  brain  removal.  Righting  and  leg  reflexes 
arc  unimpaired.  Usually  there  is  extensive  random  activity  of  legs. 

When  one  circumesophageal  connective  is  cut,  or  one  lateral  half  of  the 
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TABLE  78.  RELATIVE  PORTIONS  OF  BRAIN  MASS  OCCUPIED 
BY  DIFFERENT  REGIONS  (FROM  HANSTROM'"} 


Region  of  Brain 

Animal   Group 

Type  of  Eye 

Percent  of  Biain 
Occupied   by   Region 

Vision  centers 

Arachnoidea  and 

1                                  -  ■ 
epithelial  photorecep-            0.3-2.8 

Myriapoda 

tors  and  ocelli 

Vision  centers 

Crustacea  and  Insecta 

rudimentary  com- 
pound eyes 

2.9-9.9 

Vision  centers 

Crustacea  and  Insecta 

higher  compound 
eyes 

33.0-80.0 

Olfactory  centers 

Crustacea 

10.0-30.0 

Olfactory  centers 

day-flying   insects 

1.3-4.4 

Olfactory  centers 

one  night-flying  insect 

13.4 

Olfactory  centers 

worker  ant   (Formica) 

18.1 

Central  body 

Arachnoidea 

1.6-15 

Central  body 

Crustacea 

0.2-0.5 

Central  body 

insect 

0.2-0.6 

Corpora   pedunculata 

Limulus 

78.7 

Corpora  pedunculata 

Arachnoidea 

2.0-49.0 

Corpora  pedunculata 

decapod  Crustacea 

10.0-30.0 

Corpora   pedunculata 

isopod  Crustacea 

0.0 

Corpora   pedunculata 

Odonata,    Lepidoptera, 
Diptera 

2.0-9.6 

Corpora  pedunculata 

worker   ant   (Formica) 

40.4 

brain  destroyed,  the  arthropod  circuses  toward  the  intact  side.  Legs  on  the 
operated  side  tend  to  be  flexed  and  low  in  tonus,  so  that  the  animal  leans 
toward  that  side. 

There  are  many  reports  that  removal  of  the  subesophageal  ganglion  or 
cutting  behind  this  ganglion  stops  spontaneous  activity.  Local  segmental  re- 
flexes, however,  persist.  The  subesophageal  ganglion  is  apparently  the  prin- 
cipal motor  center,  but  the  other  thoracic  and  abdominal  ganglia  are  ca- 
pable of  carrying  out  reflexes  of  locomotion,  autotomv,  and  the  like;  these 
ganglia  are  normally  regulated  by  the  subesophageal  ganglion. 

The  increased  leg  activity  after  brain  removal  suggests  the  release  of  the 
ventral  motor  centers  from  inhibition  by  the  brain.  When  the  brain  is  re- 
moved from  dragon-fly  larvae  there  is  an  increase  in  breathing  frequency,^^-- 
^^^  whereas  when  the  subesophageal  ganglion  is  removed  the  breathing 
frequency  (determined  by  posterior  ganglia)  is  decreased.  Death-feigning 
is  a  function  of  the  nervous  system  as  a  whole  rather  than  of  any  particular 
ganglion;  in  some  insects  and  in  spiders  it  is  relatively  unaflFected  by  brain 
removal;  in  others,  as  in  the  spider  Celaenia,^^-^  there  is  no  death-feigning 
after  brain  removal.  In  Ranatra,  the  death-feigning  reaction  is  shortened 
after  brain  removal;  the  posterior  half  of  the  body  with  nerve-cord  cut  comes 
out  of  a  feint  sooner  than  the  part  of  the  body  containing  the  brain. -"-  The 
most  convincing  evidence  for  inhibitory  action  of  the  brain  on  the  ventral 
ganglia  comes  from  electrical  stimulation.  Jordan-^^  stopped  circus  movement 
in  a  crab  by  a  weak  electrical  stimulation  of  a  transected  circumesophageal 
connective.  Flexion  of  the  abdomen  of  Palinums  and  Homariis  was  elicited 
by  tetanic  stimulation  of  the  abdominal  nerve-cord;  if  during  this  stimulation 
the  brain  or  circumesophageal  connectives  were  also  stimulated,  the  ab- 
dominal response  was  diminished."*"- 
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The  interaction  between  the  brain  and  subesophageal  gangHa  is  clearly 
shown  by  the  work  of  Roeder  on  the  praying  mantis.^'^^  When  one  side  of 
the  protocerebrum  is  removed  the  legs  lose  tone  on  the  opposite  side;  the 
legs  on  the  operated  side  are  more  active,  and  the  leg  sequence  changes. 
Circusing  is  to  the  normal  side.  When  both  protocerebral  lobes  are  destroyed, 
leg  tonus  is  lost  on  both  sides,  and  there  is  locomotor  resdessness.  The  mantis 
walks  straight  ahead,  fails  to  avoid  objects,  and  shows  no  head  motility  or 
backward  walking.  When  the  protocerebrum  is  split  there  is  decreased  leg 
movement,  high  neck  and  prothoracic  tonus,  and  active  visual  responses  (fol- 
lowing of  moving  objects).    When  the  subesophageal  ganglion  is  removed 
there  is  no  locomotion  except  in  response  to  strong  stimulation.   Roeder  con- 
cludes that  the  subesophageal  ganglion  excites  locomotor  activity  in  thoracic 
ganglia,  that  the  protocerebral  ganglion   has  inhibitory  centers  controlling 
the  irritability  of  the  subesophageal  locomotor  center  and  excitatory  centers 
maintaining  tonus  and  activity  in  neck  and  prothoracic  muscles;  these  pro- 
tocerebral centers  are  homolateral,  are  inhibited  contralaterally  by  each  other, 
and  are  strengthened  by  homolateral  sensory  impulses.  Sometimes  in  mating, 
after  clasping,  the  female  eats  the  male,  head  first,  and  copulation  continues 
actively.  If  only  the  brain  is  removed  there  is  no  sexual  activity,  but  if  the 
subesophageal  ganglion  also  is  removed  the  male  makes  copulatory  move- 
ments and  the  female  will  receive  the  male.^^"*   The  copulatory  center  is  in 
the  last  abdominal  ganglion  and  this  is  normally  inhibited  by  the  subesoph- 
ageal ganglion.  Thus  the  eating  of  the  head,  including  the  subesophageal 
ganglion,  by  the  female  actually  releases  copulatory  activity! 

Some  arthropods  exhibit  very  complex  behavior,  some  of  which  may  re- 
quire the  presence  of  the  brain.  A  brainless  hermit  crab  will  not  reenter  its 
shell  unless  it  is  helped  by  having  the  telson  pushed  in;^*'^  the  hermit  crab 
without  brain  will  grasp  a  new  shell  but  fails  to  investigate  it  as  a  possible 
dwelling-place.  In  some  arthropods  (female  Bomhyx  and  Carcinus),  mating 
occurs  in  brainless  individuals,  whereas  in  others  (various  butterflies)  it 
does  not. 

There  is  ample  evidence  that  some  insects  have  capacity  for  learning.  Ex- 
periments concerning  the  possible  relation  of  parts  of  the  brain  to  learning 
should  be  very  profitable.  The  functions  of  the  specific  lobes  of  the  brain 
can  be  partly  inferred  from  their  connections  as  shown  in  Table  78.  Re- 
moval of  the  globuli  (the  cellular  portion  of  the  corpora  pedunculata)  in 
Carcinus  causes  the  loss  of  certain  responses  to  light,  and  of  sidewise  locomo- 
tion; the  globuli  are  inhibitory  centers  of  the  brain. ^^  In  the  myriapod  Lith- 
ohius-^'^  the  protocerebrum  inhibits  the  ventral  motor  centers  and  controls 
the  sense  of  direction;  the  protocerebrum  is  an  inhibitory  center  in  the  man- 

In  summary,  then,  the  brains  of  arthropods  not  only  are  connected  with 
the  most  important  sense  organs  of  the  body,  but  they  also  exert  important 
integrative,  particularly  inhibitory,  control  of  the  ventral  motor  centers.  It 
should  be  profitable  to  investigate  localization  of  function  within  the  arth- 
ropod brain  and  the  mechanisms  of  interaction  between  the  brain  and  ven- 
tral ganglia,  and  between  the  subesophageal  and  other  ventral  ganglia. 

Cephalopods.  Cephalic  dominance  has  developed  in  a  somewhat  different 
manner  in  cephalopod  molluscs.  The  brain  and  some  thoracic  ganglia  of 
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arthropods  represent  fusion  of  several  ganglia.  The  cephalopod  brain-mass 
represents  fusion  of  paired  cerebral,  pedal,  and  visceral  ganglia,  and  completely 
surrounds  the  esophagus.-^^--  "*^^  Paul  Bert  in  1867  was  the  first  to  show  that 
much  of  the  supraesophageal  portion  of  the  brain-mass  was,  like  the  associa- 
tion areas  in  the  mammalian  cerebral  cortex,  electrically  inexcitable  with  re- 
spect to  behavior.  He  also  showed  that  a  respiratory  center  exists  in  the 
subesophageal  portion  of  the  brain-mass.  This  respiratory  center  has  regions 
for  inspiration  and  expiration.^'^  A  center  in  the  subesophageal  portion  regu- 
lates chromatophores.  The  subesophageal  portion  of  the  brain-mass'"^  con- 
tains other  local  centers;  the  brachial  and  pedal  ganglia  controlling  arms  and 
tentacles,  the  pedal  ganglion  controlling  funnel  and  eye-muscles,  and  the  pal- 
liovisceral  ganglion  controlling  mantle,  fins,  and  viscera.  In  Octopus  a  cen- 
ter for  pupillarv  closure  is  found  in  the  subesophageal  portion. ^-^ 

The  supraesophageal  portion-^^-  contains:  (1)  Higher  motor  centers  in  the 
circumesophageal  region— lobus  basalis  anterior,  posterior,  and  lateralis,  lobus 
pedunculi;  stimulation  of  these  lobes  elicits  movements  of  large  groups  of 
muscles,  and  unilateral  extirpation  results  in  circus  movements  which  may 
be  almost  continuous.  (2)  Primary  sensory  centers  such  as  the  olfactory' 
lobes  and  the  optic  lobes  in  the  optic  stalk;  stimulation  of  the  latter  may 
result  in  chromatophore  expansion  and  some  mantle  and  fin  movement.  (3) 
The  dorsally  located  verticalis  complex  of  three  lobes;  electrical  stimulation 
of  this  results  in  no  motor  responses.  After  removal  of  the  entire  verticalis 
complex  Sepia  can  see,  swim,  steer  properly,  capture  and  eat  prawns,  etc., 
but  fails  to  follow  prawns  as  they  disappear  out  of  sight.  Removal  of  part  of 
the  verticalis  complex  from  Octopus  hampered  its  ability  to  escape  from  a 
cage  and  from  a  pan  of  shallow  water. ^'^  The  verticalis  complex,  then,  is  an 
integrative  portion  of  the  cephalopod  brain-mass. 

SPINAL  REFLEX  CONTROL  OF  VERTEBRATE  LOCOMOTION 

In  the  more  efficient,  better  coordinated  invertebrates  the  peripheral  por- 
tions of  the  nervous  system  have  lost  autonomy,  and  behavior  depends  on 
central  nervous  reflexes.  In  all  classes  of  vertebrates  locomotion  is  mediated 
by  spinal  reflexes.  In  embryonic  development,  mass  responses  of  large  muscle 
groups  become  differentiated  into  more  precisely  localized  responses.  In  phy- 
logenetic  development  the  spinal  cord  is  less  autonomous  as  the  control  of 
locomotion  is  pushed  cephalad.  Concurrent  with  cephalad  development  of 
reflex  centers  there  appears  more  antagonism  between  regions  of  the  central 
nervous  system,  one  region  inhibiting  another,  usually  cephalad  regions 
inhibiting  "lower"  or  caudal  centers. 

The  basic  organization  of  the  spinal  cord  changes  with  the  functions  it 
must  perform. ^^  In  general,  each  segment  of  the  cord  receives  two  pairs  of 
roots;  the  dorsal  roots  contain  afferent  (sensory)  fibers,  and  a  few  efferent 
(motor)  fibers,  while  the  ventral  roots  contain  eff^erent  (motor)  fibers,  both 
somatic  and  visceral  (autonomic),  whose  cell  bodies  are  in  the  ventral  horn 
of  the  cord.  In  Amphioxus  there  are  very  many  uniform  segments,  dorsal  and 
ventral  roots  emerging  alternately.  In  cyclostomes  also  the  dorsal  and  ventral 
roots  alternate;  they  unite,  forming  mixed  nerves  in  myxinoids  but  not  in 
petromyzonts.  From  lower  to  higher  classes  of  vertebrates  there  is  a  reduc- 
tion in  number  of  spinal  segments  and  in  the  size  of  the  caudal  portion  of 
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the  cord,  and  an  increase  in  the  number  of  spinal  tracts  to  and  from  the 
brain. 

Many  afferent  fibers  cross  or  connect  with  arcuate  interneurones.  In  cy- 
clostomes  there  are  ascending  bundles  of  short  fibers,  and  most  spinal  cor- 
relation can  be  carried  out  in  a  few  segments;  the  principal  descending  fibers 
are  of  the  reticular  system.  In  elasmobranchs  and  teleosts  ascending  spino- 
bulbar  (medullary)  and  spino-mesencephalic  tracts  are  present;  in  teleosts 
spino-cerebellar  tracts  and  the  sympathetic  ganglion  chains  appear,  and  the 
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Fig.  307.  A,  Rhythmic  undulations  in  dorsal  fin  of  a  spinal  dogfish;  rhythm  increased 
when  body  touched  lightly  behind  point  of  transection.  B,  Rhythmic  movement  of  dorsal 
fin  in  a  spinal  dogfish;  brief  struggle  followed  by  inhibition  when  strong  pressure  was 
applied  by  a  clamp  to  the  body.   From  Gray  and  Sand.^'" 

descending  vestibulo-spinal  tract  is  added.  As  limbs  appear,  the  cord  enlarges 
in  cervical  and  lumbar  regions.  Amphibans  show  a  well  defined  central  grey 
H  and  great  reduction  in  the  number  of  spinal  segments.  In  birds  a  spe- 
cific tectospinal  tract  appears,  whereas  in  lower  vertebrates  the  tectum  (part 
of  midbrain)  connects  with  the  cord  via  the  reticulospinal  system.  In  mam- 
mals   the   corticospinals,    particularly    the   pyramidals,   appear   as   dominant 
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descending  tracts;  also  the  spinothalamic  tracts  are  differentiated  and  the  long 
ascending  tracts  of  the  posterior  columns  appear.  Associated  with  these  mor- 
phological changes  there  is  a  striking  change  of  function  of  the  spinal  cord. 
In  the  transition  from  water  to  land,  locomotion  changed  from  swimming,  a 
mass  movement,  to  the  much  more  complicated  quadripedal  locomotion. 
Lower  vertebrates  are  characterized  by  behavior  involving  mass  movements 
of  a  total-pattern  type  as  distinguished  from  localized  reflexes  of  higher  ver- 
tebrates.^^" 

There  has  been  much  disagreement  over  the  autonomy  of  the  spinal  cord 
and  the  extent  to  which  locomotor  behavior  is  fixed  by  sensory  stimulation 
rather  than  following  a  set  pattern  of  neurones  in  the  cord.  What  the  cord 
can  do  seems  to  vary  from  animal  class  to  class  and  from  one  related  genus 
to  another.  In  a  general  way  the  cord  carries  out  more  independent  action 
in  the  lower  vertebrates  than  in  higher  forms.  Also  the  shock  resulting  from 
spinal  transection  is  less  in  lower  vertebrates.  In  higher  groups  (mammals 
particularly),  the  more  primitive  part  of  the  central  nervous  system,  the 
spinal  cord,  is  less  sensitive  to  asphyxiation  but  more  sensitive  to  strychnine 
than  is  the  cerebrum.^'^  Evidence  regarding  the  potentialities  of  the  cord  is 
obtained  by  isolating  all  or  part  of  the  spinal  cord  from  the  rest  of  the  cen- 
tral nervous  system  and  removing  sensory  influence  by  cutting  dorsal  roots. 

A  swimming  or  crawling  animal  with  many  segments  often  locomotes  by 
undulatory  waves  which  show  remarkably  precise  timing.  In  an  eel,  for  ex- 
ample, the  phase  of  movement  of  each  segment  is  just  behind  the  phase  of 
the  segment  ahead,  and  the  muscles  on  the  two  sides  differ  in  phase  by  one- 
half  cycle.^"^^  Is  the  nervous  basis  for  such  a  coordinated  locomotor  wave  in- 
herent in  the  spinal  cord  or  is  it  dependent  on  chain  reflexes?  It  has  been 
suggested  that  the  central  pattern  for  walking  evolved  from  this  basic  loco- 
motor plan. 

In  Amphioxus  any  local  stimulus  elicits  a  general  avoiding  response.  Le- 
sions to  the  cord  show  that  propagation  of  strong  undulations  over  the  whole 
body  and  end-to-end  startle  responses  require  the  median  giant  neurones  but 
that  the  rest  of  the  isolated  cord  can  reflexly  evoke  secondary  superficial 
waves.^**® 

Spinal  hagfish  CPolystotrema')  are  inactive  for  long  periods  but  when 
stimulated  they  swim  normally.  Normal  undulating  waves  start  at  the  an- 
terior ,  end ;  and  |  the  point  |  of '  transection  i  of  the  cord  hecomes  a  pacemaker  for 
initiating  swimming  waves.  When  the  stimulation  is  vigorous,  a  wave  may 
pass  a  cut  by  reflexly  exciting  the  region  beyond.®.^  Similarly  an  elasmo- 
branch  made  spinal  by  transection  behind  the  head  swims  much  like  a  nor- 
mal fish.  Ten  Cate^°^  maintained  that  a  wave  of  contraction  could  pass  a 
cut  in  the  cord  by  virtue  of  overlap  of  proprioceptive  fields  in  several  seg- 
ments and  stretch  of  one  segment  by  the  preceding  one.  Thus  the  propa- 
gation would  be  a  chain  reflex.  Gray  and  his  associates,^'^"-  ^^^  on  the  other 
hand,  found  that  transmission  could  proceed  in  an  intact  cord  even  through 
12  denervated  segments,  and  that  transmission  failed  when  the  cord  was  cut. 
So  long  as  the  spinal  dogfish  is  free  from  contact,  a  locomotor  rhythm  at 
about  40  waves  per  minute  occurs,  but  a  gentle  tactile  stim'jlation,  particu- 
larly of  the  ventral  surface,  increases  or  inhibits  this  rhythm  (Fig.  307). 

The  rhythmic  movement  of  body  and  fins  of  a  dogfish  is  abolished  by 
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complete  deafferentation  but  the  rhythm  can  be  transmitted  across  a  deaf- 
ferented  region  of  the  cord.  About  25  continuous  intact  segments  in  any 
part  of  the  cord  are  needed  to  maintain  the  rhythm.  Swimming  in  elasmo- 
branchs  apparently  depends  on  reflex  excitation,  and  peripheral  connections 
are  essential,  but  the  cord  is  capable  of  transmitting  the  rhythm  through  a 
region  where  the  nerve  roots  have  been  cut.  Stimuli  which  accelerate  the 
swimming  rhythm  in  normal  fish  inhibit  it  in  spinal  or  fatigued  fish.  Spinal 
dogfish  show  a  variety  of  reflexes,  particularly  of  fins;  a  single  segment  iso- 
lated from  the  rest  of  the  cord  can  mediate  homolateral  and  crossed  re- 
sponses.^^®- ^^^ 

Spinal  teleosts  also  show  fin  reflexes  elicited  from  localized  sensory  areas,"*^* 
some  of  them  enhanced,  that  is,  released  from  cephalic  inhibition  by  the 
spinal  section. ^^^  There  appears  to  be  much  difference  in  autonomy  of  the 
cord  from  genus  to  genus.   In  fish  which  swim  by  undulatory  waves,  as  the 


Fig.  308.  Rhythmic  responses  of  posterior  abdomen  of  goldfish  (Carassius)  to  stream 
of  water  appHed  at  side  of  body,  after  transection  of  cord,  a,  at  about  vertebra  16;  h,  at 
vertebra  7;  c,  between  vertebra  7  and  medulla;  d  and  e,  at  anterior  meduUa,  ahead  of 
vagus  root.  From  Holst.^ 

eel,  section  of  the  cord  interferes  very  little  with  swimming.  An  eel  still 
swims  when  the  skin  is  removed  and  when  the  muscles  of  a  quarter  of  the 
body  are  removed.  It  is  as  if  the  undulatory  rhythm  were  inherent  in  the  cord 
and  normally  released  by  the  medulla  or  by  peripheral  stimulation. ^'^•^  Fish 
which  swim  with  fins  show  little  or  no  swimming  when  the  cord  is  tran- 
sected anteriorly.-"^'  ~^^  Simple  reflex  responses  of  the  fins  and  tail  region 
are  easily  elicited  and  the  sensitivity  of-  the  skin  to  a  stream  of  water  may 
actually  be  enhanced  after  spinal  section,  as  demonstrated  in  studies  on 
Carassius.-^^-  ""^  When  spinal  section  is  made  close  to  the  medulla  the  reflex 
response  becomes  prolonged,  and  when  the  cut  is  at  the  level  of  the  vagal 
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roots  in  the  anterior  medulla  fish  often  show  a  continuous  rapid  rhythmic 
movement  of  fins  (Fig.  308).-"^  The  pectoral  fin  rhythm  is  normally  slower 
than  the  dorsal;  there  is  interaction  between  the  two  rhythms,  but  the 
rhythm  of  one  fin  can  be  altered  reflexly  without  affecting  the  other.  A  se- 
ries of  rhythmic  centers  in  the  medulla  is  postulated  but  the  part  played  by 
reflex  re-excitation  is  not  well  known. 

In  amphibians  the  spinal  cord  alone  permits  considerable  locomotion.  A 
spinal  frog  jumps  in  coordinated  fashion  when  stimulated  but  not  spontane- 
ously; reflex  responses,  particularly  of  protractor  muscles,  remain  coordin- 
ated.^^^  If  one  or  two  legs  are  deafferented  CBufo^  there  is  little  interference 
with  coordinated  ambulation;  when  three  are  deafferented  coordination  is 
strikingly  reduced.  After  deafferentation  of  all  four  limbs  no  locomotor  move- 
ments occur,  although  the  toad  can  swim,  provided  the  labyrinths  are  intact. 
If  only  one  leg  retains  its  sensory  and  motor  nerve  supply  and  all  other 
sensory  nerves  are  cut,  there  are  normal  diagonal  limb  movements;  if  the 
motor  root  of, the  fourth  leg  is  then  cut,  all  ambulatory  movements  cease, 
and  stimulation  of  this  fourth  leg  elicits  only  simple  monophasic  responses 
in  the  other  three  limbs.  In  the  toad,  therefore,  sensory  and  motor  supply  of 
one  segment  is  necessary  for  the  diagonal  pattern  of  ambulation.^'*''  ^'^'^ 

In  contrast  to  this  strictly  reflex  picture  of  ambulation  in  Amphibia  is  the 
concept  of  a  fixed  pattern  in  the  central  nervous  system.  The  basic  patterns 
of  coordination  arise  by  self-differentiation  within  nerve  centers  prior  to  ex- 
perience."*^* Embryos  kept  narcotized  for  several  days  emerge  from  their 
narcosis  at  the  behavior  stage  for  their  age  without  ever  having  experienced 
the  motions  of  the  developmental  stages  corresponding  to  the  period  of  nar- 
cosis. In  an  extended  research  on  salamanders  Weiss*^'^-  *-*  has  examined 
the  movement  of  limbs  transplanted  to  abnormal  body  regions.  When  a  su- 
pernumerary fore-leg  is  transplanted  to  a  position  near  a  normal  one  and  in- 
nervated by  one  or  a  few  nerves  of  the  brachial  plexus,  the  corresponding 
muscles  of  the  two  legs  always  contract  simultaneously.  If  a  limb  is  rotated 
by  180°  when  transplanted  to  replace  a  normal  limb,  the  grafted  Hmb  moves 
in  perfect  temporal  coordination  but  in  reverse  direction  to  normal,  with  the 
result  that  the  transplanted  forelimbs  move  the  salamander  backward.  The 
effects  are  similar  when  the  limbs  are  deafferented.  Each  re-innervated  mus- 
cle of  the  extra  limb  contracts  synchronously  with  the  corresponding  muscle 
of  the  normal  limb.  The  spinal  cord  signals  a  particular  muscle  irrespective  of 
its  innervation,  as  if  there  were  for  a  particular  muscle  a  sort  of  "resonance" 
pattern  in  the  cord  as  a  whole.  Basic  motor  patterns  owe  their  organization 
to  the  intrinsic  properties  of  the  central  nervous  system  rather  than  to  peri- 
pheral influences;  furthermore,  the  patterns  are  permanent,  stable,  and  non- 
modifiable  in  their  essential  feaures.  This  contrasts  with  the  mammals,  in 
which  corrective  influences  (probably  of  cortical  origin)  can  supersede  the 
original  patterns  of  coordination  if  the  latter  have  become  inadequate. 

The  two  viewpoints,  reflex  control  and  intrinsic  patterns,  are  not  mutually 
exclusive.  The  intrinsic  pattern  limits  the  range  within  which  reflex  control 
can  operate.  The  physiological  basis  for  such  limitation  is  unknown,  and 
there  is  a  wide  gap  between  our  knowledge  of  simple  spinal  reflexes  and 
integrated  locomotion.  It  is  certain,  however,  that  the  spinal  cord  is  much 
more  than  a  complicated  switchboard  and  terms  such  as  homologous  func- 
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tion,  resonance,  and  plasticity  merely  cover  our  ignorance  of  the  nature  of 
nervous  integration. 

In  mammals  the  spinal  cord  shows  less  autonomy,  and  shock  following 
cord  section  lasts  much  longer  in  higher  than  in  lower  orders. ^^^  When  the 
cord  of  a  cat  or  dog  is  transected  in  the  upper  thoracic  region  so  that  respira- 
tion continues,  all  motor  reflexes  are  at  first  depressed.  Flexor  reflexes  return 
in  a  cat  in  a  few  hours,  extensor  reflexes  after  several  days.  In  man  spinal 
shock,  when  even  flexor  responses  are  unobtainable,  lasts  1  to  6  weeks  after 
spinal  transection.  It  was  formerly  noted  that  good  stretch  reflexes  did  not 
return,  and  that  for  many  weeks  a  light  tactile  stimulus  might  elicit  flexor 
spasms  of  the  legs  along  with  defecation,  urination,  and  sweating,  the  so- 
called  "mass  reflex."  Observations  on  a  large  number  of  war  casualties  who 
received  superior  care  showed  that  flexor  spasms  predominate  from  six  weeks 
to  one  year,  and  that  extensor  spasms  predominate  thereafter,  with  much 
individual  variability.  Many  reflexes  reappear,  and  the  spasms  can  be  stop- 
ped by  cutting  dorsal  roots.-^^  Spinal  shock  results  from  interruption  of  the 
corticospinal  system,  specifically  the  pyramid  tract,  and  is  greater  in  chim- 
panzees than  in  baboons  and  macaques,  and  less  in  monkeys.^^^ 

Reflex  potentialities  of  the  cord  are  well  seen  in  animals  such  as  cats  and 
dogs,  in  which  recovery  from  shock  occurs  after  a  few  days  or  weeks.  A 
spinal  cat  or  dog  cannot  stand,  yet  when  suspended  it  may  make  rhythmic 
treading  motions.  A  variety  of  intersegmental  movements,  both  contralateral 
and  ipsilateral,  can  be  elicited,  many  of  obviously  primitive  protective  value 
to  the  organism.  Single  limb  reflexes  involving  many  muscles,  such  as  the 
rhythmic  scratch  response  to  a  stimulus  to  the  skin  of  the  back,  show  much 
central  coordination.  Visceral  functions  such  as  urination  and  defecation  are 
elicited  reflexly;  when  one  leg  is  warmed  vasodilatation  may  occur  in  the  op- 
posite one.  Sexual  functions  such  as  erection  of  the  penis  and  ejaculation, 
and  assumption  of  copulatory  posture  occur,  and  spinal  bitches  have  been 
impregnated  and  delivered  of  puppies  after  a  normal  gestation  period.^ ^^ 

Short  pieces  of  the  cord,*^-  isolated  by  two  cuts  and  appropriate  root  sec- 
tion, are  capable  of  some  reflexes.  The  sensory  areas  of  single  dorsal  roots 
have  been  mapped^^^  in  dogs.  An  isolated  lumbo-sacral  region  of  a  puppy 
showed  no  autonomous  movements,  although  rhythmic  flexions  might  be 
elicited  by  pressure  stimulation  of  the  cord."*^^  However,  deafferented  sec- 
tions of  the  cord  and  sections  in  curarized  and  narcotized  cats  showed  much 
"spontaneous"  discharge,  particularly  in  the  ventral  columns.^^  Some  stim- 
ulus seems  to  be  necessary  to  integrate  this  "spontaneous"  activity  into  co- 
ordinate movements.  A  single  sensory  volley  may  elicit  rhythmic  responses 
in  the  legs,  even  in  completely  deaff^erented  hind  limbs.  Isolated  segments 
of  the  frog  spinal  cord  show  less  electrical  activity  than  when  they  are  con- 
nected to  the  brain,  but  show  much  more  activity  than  when  the  spinal 
nerves  of  the  isolated  segments  are  cut.^°^ 

The  literature  dealing  with  interaction  between  regions  of  the  cord 
and  between  cord  and  brain  is  very  extensive.  In  general,  this  interaction  in- 
creases with  increase  of  ascending  and  descending  columns  in  higher  verte- 
brates. Lower  cord  centers  may  even  inhibit  higher  ones,  as  in  hyperreflexia 
of  forelimbs  after  lumbar  spinal  section,  the  Schiff-Sherrington  phenome- 
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non.^^^  As  the  brain  gains  importance  the  spinal  cord  is  less  capable  of  inde- 
pendent control  of  locomotion. 

BEHAVIOR  OF  EMBRYOS 

The  sequence  of  development  of  behavior,  both  "spontaneous"  move- 
ments and  responses  to  stimuli,  can  be  correlated  with  the  development  of 
sensory,  central  nervous,  and  effector  structures.  Usually  the  necessary  struc- 
tures are  present  well  before  a  given  behavior  pattern  is  manifest.  In  those 
animals  in  which  behavior  development  has  been  studied,  several  gradients 
exist,  the  primary  gradient  being  backward  from  the  cephalad  end,  and  a 
secondary  gradient  being  laterally  from  proximal  to  distal  effectors. 

The  extensive  literature  on  embryonic  behavior  emphasizes  a  contro- 
versy whether  specific  reflexes  appear  first  and  are  later  integrated,  or 
whether  an  integrated  pattern  precedes  the  reflexes  which  individuate  out 
from  it.  Diverging  opinions  result  from  striking  differences  in  the  speed  of 
emergence  of  adult  behavior  patterns  in  different  species  and  in  the  rather 
futile  attempt  to  compare  those  embryos  which  move  first  without  appen- 
dages with  those  whose  first  movement  is  of  appendages.  The  important 
generalization  emerges,  however,  that  reflex  behavior  is  integrated  from  the 
beginning. 

The  only  invertebrate  in  which  the  pattern  of  behavior  has  been  correlated 
with  histological  development  is  the  earthworm,  Eisenia  foetida.^-^  The  first 
motile  stage  is  a  ciliated  gastrula,  the  second  is  a  stage  of  contractions  local- 
ized around  the  stomodaeum  while  the  embryo  is  swallowing  quantities  of 
albumin.  Next  the  local  contractions  lead  to  peristaltic  waves  which,  when 
unequal,  result  in  rolling  of  the  body;  at  this  time  mechanical  stimuli  elicit 
localized  contractions,  at  first  antero-ventrally,  later  laterally  and  posteriorly, 
all  of  these  are  myogenic  responses.  Then,  when  nervous  mechanisms  are 
developed,  regular  flexion  of  the  head  begins  and  the  anterior  end  turns 
away  from  a  point  of  stimulation.  Head  extension  and  flexion  initiate  the 
peristalsis  of  crawling,  and  withdrawal  from  stimuli  develops  backward  un- 
til the  whole  animal  is  sensitive.  The  worm  is  capable  of  burrowing  before  it 
hatches.  In  LimuUis  embryos-^^^  kicking  of  the  legs  begins  soon  after  the  ap- 
pearance of  abdominal  respiratory  movements,  and  the  trilobite  larvae  are 
able  to  swim  well  before  they  hatch. 

In  extensive  studies  on  behavior  in  embryos  of  Amhlystoma,  CoghilP^ 
identified  the  following  stages:  a  non-motile  stage  when  the  muscles  of  the 
somites  contract  in  response  to  direct  stimulation,  a  stage  of  simple  flexure  of 
the  body  in  response  to  tactile  stimulation,  spontaneous  bending  into  a  coil 
and  uncoiling,  an  S-stage,  and  finally  a  stage  when  the  S-contractions  are 
executed  to  effect  locomotion.  Motor  and  sensory  neurones  are  present  in 
the  non-motile  stage,  but  no  bipolar  commissural  neurones  are  present  until 
the  coil  stage.  All  limb  and  gill  movements  appear  first  in  conjunction  with 
trunk  movements.  Parts  of  limbs  move  first  with  the  entire  limb  and  later 
independently.  In  general,  the  first  movements  are  of  gross  regions,  the  total 
behavior  complex  appears  early,  and  simple  reflexes  are  individuated  frpm 
it.  The  general  pattern  in  anuran  embryos  is  similar  to  that  in  Amhlysto- 
ma,'^*'^ but  there  are  species  differences  in  rate  of  development.  Bufo  is  pre- 
motile  at  hatching;  Acris  and  Pseudacris,  like  Amhlystoma,  are  free-swim- 
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ming  and  sensitive  over  the  whole  body.  Young  (2mm.)  tadpoles  of  Rana 
show  longer  lasting  responses  to  tactile  stimulation  than  do  4  mm.  tadpoles; 
lesion  to  the  midbrain,  however,  removes  an  inhibiting  influence  in  the  older 
tadpoles  and  leads  to  more  persistent  responses."*-*' 

The  development  of  behavior  in  birds  and  mammals  shows  great  species 
variability  and  differs  from  behavior  in  Amhlystoma  in  that  there  is  no  move- 
ments of  the  trunk  before  limbs  appear.  The  literature  on  various  animals 
has  been  summarized:  rats,^'^  sheep,=^^-  •^-  guinea  pigs  and  rats,^^  cats,-*-^"*  and 
general  summary.^^ 

In  general,  the  latent  period  and  contraction  time  of  embryonic  muscle 
are  long.  There  is  an  initial  pre-motile  stage  when  local  contractions  are  elic- 
ited by  direct  stimulation  of  some  muscles.  The  first  spontaneous  movements, 
usually  in  the  neck,  are  of  uncertain  origin  but  appear  to  be  reflexes.^^  The 
earliest  definite  responses  to  mechanical  stimulation  are  gross  reflexes  of  the 
neck  (head  movement),  and  then  of  the  forelimbs.  In  the  rat,  limb  move- 
ments occur  first  in  conjunction  with  movements  of  the  trunk;  in  the  cat, 
sheep,  and  guinea  pig  they  appear  to  be  independent.  However,  these  limb 
movements  are  gross  but  integrated,  and  separate  segmental  movements  de- 
velop later.  Movement  appears  relatively  earlier  in  the  rat,  while  the  sheep 
starts  movement  at  a  later  stage.*^^  The  segregation  of  reflexes  depends  on 
interneurone  development  and  the  appearance  of  inhibitory  mechanisms. 

Development  of  cephalad  inhibition  of  lower  motor  centers  is  well  shown 
in  the  sheep  fetus.^^-^^  Movements  are  at  first  (at  40  days  gestation)  jerky, 
later  smooth  and  sustained,  indicating  repetitive  nerve  cell  discharge;  still 
later  (at  60  days  gestation),  the  fetus  is  inert  to  stimulation  on  the  snout. 
Anoxia  inhibits  the  movements  acquired  last;  for  example,  it  reverses  the 
response  when  an  animal  is  in  the  inert  stage,  resulting  first  in  sustained  and 
then  in  jerky  movements.  Also  brain  transections  show  that  the  jerky  move- 
ments are  mediated  by  bulbospinal  systems;  these  are  converted  to  sustained 
movement  by  the  midbrain,  and  inhibited  by  cephalad  portions  of  the  brain. 
In  newborn  monkeys  tonic  innervation  of  muscles  and  grasp  reflexes  are 
dominant,  then  in  a  spastic  stage  limbs  resist  passive  movement;  finally  dis- 
crete use  of  muscles  appears.  If  in  the  adult  a  premotor  area  of  the  cerebral 
cortex  (area  6)  is  removed  the  grasp  reflexes  seen  in  the  newborn  return. ^^^ 

In  some  species  of  animals,  then,  the  first  reflex  responses  are  generalized, 
in  others  they  are  somewhat  localized,  but  in  both  types  the  movements  are 
integrated  from  the  start,  and  restricted  movements  become  individuated  later. 
Behavior  development  follows  morphological  gradients  and  cephalic  domin- 
ance is  important  in  the  sequence  of  responses. 

GROSS  FUNCTIONAL  EVOLUTION  OF  THE  BRAIN 

Neuroanatomists,  particularly  under  the  influence  of  Ariens-Kappers,^'^ 
picture  the  anterior  enlargement  of  the  neural  tube  phylogenetically  and 
the  expansion  of  the  medulla  as  a  response  to  the  increase  in  sense  organs 
in  the  head.  The  medulla  shows  greater  development  of  sensory  roots  than 
the  spinal  cord.  There  is  a  progressive  phylogenetic  reduction  in  the  number 
of  branchial  arches;  there  are  36  in  Am-phioxus,  8  in  Petromyzon,  and  5  in 
the  sharks.  Many  changes  in  the  sensory  components  occur  from  group  to 
group.    For  example,  in  fish  the  numbers  of  visceral  sensory  and  gustatory 
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fibers  in  the  facial  nerve  are  large;  in  higher  vertebrates  the  visceral  sensory 
centers  are  reduced,  and  in  birds  taste  sense  is  atrophied.  The  lateral  line 
is  an  important  component  of  the  tenth  nerve  from  cvclostomes  through 
aquatic   amphibia,    the   cochlea    from    land   amphibians    through    mammals, 


JTerminol  nerve 


Olfoctory  trod 


D,  Gymnuiti 


E,  Equus 


Fig.  309.  Dorsal  views  of  brains  of  a  number  of  vertebrates:  A,  Shark  (Scymnus);  B, 
frog  (Rana);  C,  alligator;  D,  tree  shrew  (Gymnura);  E,  horse  (Equtis).  From  Romer,  The 
Vertebrate  Body  (1949).   Philadelphia,  W.  B.  Saunders. 

whereas  the  vestibular  nerve  is  present  in  all  classes.  Each  of  these  sensory 
differences  is  reflected  in  medullary  and  midbrain  centers. 

Figure  309  shows  diagramatically  the  brains  of  representatives  of  various 
classes  of  vertebrates.  The  cephalad  shift  in  dominance  parallels  the  anat- 
omical development,  and  as  the  cerebellum  and  cerebrum  become  more  im- 
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portant  the  opportunity  for  lateral  connections  is  increased  by  surface  folding. 

Medulla  Oblongata.  In  addition  to  serving  as  the  point  of  entrance  and 
exit  for  most  of  the  cranial  nerves,  and  providing  way-stations  for  their  fib- 
ers in  numerous  sensory  nuclei,  the  medulla  has  some  integrative  functions. 
It  contains  the  respiratory  center  in  all  vertebrates,  the  motor  outflow  differ- 
ing from  group  to  group.  Respiratory  outflow  in  elasmobranchs  is  largely  in 
the  tenth  cranial  nerve,  partly  in  the  seventh;^^"  in  mammals  it  is  in  the 
phrenic  arising  from  the  third  to  fifth  cervical  roots  and  in  nerves  to  the 
intercostal  muscles  (thoracic  roots).  In  the  skate  the  right  and  left  halves 
control  respiration  homolaterally.-^^  That  the  respiratory  center  is  spontane- 
ously rhythmic  was  shown  by  Adrian  and  Buytendijk,  who  recorded  rhyth- 
mic electrical  waves  corresponding  to  breathing  frequency  from  the  medulla 
of  an  isolated  goldfish  brain;  this  observation  has  not  been  confirmed. 

The  respiratory  center  in  mammals  lies  in  the  mid-dorsal  part  of  the  me- 
dulla at  about  the  level  of  entrance  of  the  eighth  cranial  nerve,  and  con- 
sists (in  the  cat,  monkey,  and  dog)  of  a  lower  inspiratory  portion  and  an  up- 
per expiratory  center.^^^-  ^-^  Anterior  to  the  respiratory  center,  at  the  level 
of  the  pons,  is  a  pneumotaxic  or  tonic  center.  The  respiratory  center  re- 
ceives sensory  impulses  over  several  routes,  primarily  via  the  vagus  from  the 
lung.  The  breathing  cycle^-^  is  as  follows:  The  inspiratory  center  is  spon- 
taneously active  continuously,  it  discharges  impulses  to  the  spinal  motor  cen- 
ters, which  cause  the  inspiratory  movements  of  diaphragm,  and  of  intercostal 
and  abdominal  muscles;  it  also  sends  impulses  to  the  pneumotaxic  center. 
As  the  lungs  are  distended  afferent  impulses  via  the  vagus,  together  with 
impulses  from  the  now  excited  pneumotaxic  center,  inhibit  the  inspirator)' 
center,  stopping  its  discharge.  The  expiratory  center  acts  principally  by  in- 
hibiting the  inspiratory  center  but  partly  by  inducing  active  exhalation. 

The  organization  of  the  respiratory  centers  in  non-mammalian  groups  is 
not  so  well  known.  In  turtles,  breathing  is  apneustic  (prolonged  inspiration); 
there  is  evidence  for  centers  of  inspiration  and  expiration  but  not  for  a  pneu- 
motaxic center.-'^^  In  amphibians  and  reptiles,  lungs  have  an  outer  layer  of 
smooth  muscle,  and  this  shows  spontaneous  tonic  activity.  In  frogs  and  sala- 
manders efferent  impulses  of  the  vagi  inhibit  the  spontaneous  lung  contrac- 
tion during  breathing,'-*^  and  breathing  is  a  swallowing  act.  In  the  reptiles 
(turtle  and  snake),  on  the  other  hand,  the  vagi  are  excitatory  to  the  lung 
musculature,  causing  lung  contraction  between  respirations,  and  the  center 
for  this  contraction  is  inhibited  during  the  respiratory  act."-^^  The  respiratory 
center  is  a  swallowing  center  in  adiaphragmatic  animals,  and  in  its  evolu- 
tion it  is  associated  with  movements  of  esophagus  and  glottis.  The  chemical 
and  reflex  control  of  the  respiratory  center  is  considered  in  Chapter  8. 

The  medulla  also  contains  other  regions  which  regulate  autonomic  func- 
tions. A  vasomotor  center  is  found  in  mammals  in  the  anterior  mid-medulla, 
just  caudal  to  the  pons;  this  center  contains  neurones  which  have  a  vaso- 
constrictor action,  also  probably  some  vasodilator  cells.  Stimulation  of  the 
vasomotor  center  is  by  specific  sensory  paths,  descending  tracts,  and  by  di- 
rect chemical  excitation,  there  being  also  some  interaction  with  the  respira- 
tory center.  The  comparative  physiology  of  vasomotor  reflexes  has  been  dis- 
cussed previously  (Ch.  15),  also  the  temperature  sensitivity  of  the  vasomotor 
center  in  the  turtle  (Ch.  10). 
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The  reticular  formation  also  contains  centers  for  salivation  and  vomiting.^^ 
Of  the  various  intermediary  nuclei  associated  with  postural  control  we 
have  previously  noted  the  center  for  rhythmic  fin  movements  in  teleosts,^^** 
which  is  released  from  inhibition  by  transection  in  the  anterior  part  of  the 
medulla.  The  most  important  integrative  function  of  the  medulla  through 
all  classes  of  vertebrates  is  associated  with  the  control  of  equilibrium  and  the 
function  of  vestibular  centers.  A  comparative  study  of  the  functioning  of 
vestibular  centers  would  be  useful.  Vestibular  nuclei  are  extensive  and  are 
often  associated  with  proprioceptors  and  with  midbrain  centers.  If  the  eighth 
nerve  of  a  dogfish  is  cut  or  the  medulla  injured  on  one  side  the  fish  swims 
in  a  spiral,  rolling  toward  the  operated  side;  the  eyes  deviate  toward  the  op- 
erated side,  the  pectoral  and  pelvic  fins  are  elevated  on  the  operated  and  low- 
ered on  the  normal  side,  and  the  dorsal  fin  is  bent  toward  the  intact  side.^^'* 
Electrical  stimulation  of  the  medulla  dorsally  behind  the  vagal  lobes  elicits 
downward  movement  of  homolateral  pectoral  fins  and  movement  of  dorsal 
fins  toward  the  side  stimulated.  Similar  movements  are  obtained  with  toad- 
fish.  Associated  with  vestibular,  lateral  line,  and  other  afferent  pathways  in 
teleosts  and  urodeles  are  two  large  Mauthner  cells.  When  these  cells  are 
destroyed  in  larval  salamanders,  equilibrium  and  swimming  are  normal  but 
there  is  a  tendency  for  early  exhaustion  during  maintained  activity.^^^ 

Vestibular  nuclei  take  on  a  special  function  with  respect  to  posture  control 
in  birds  and  mammals.  Varying  degrees  of  extensor  rigidity  appear  when  the 
brainstem  is  sectioned  anterior  to  the  vestibular  nuclei  but  posterior  to  the 
upper  midbrain  (superior  colliculus).  A  dog  or  cat  made  decerebrate  by 
transection  in  the  lower  mesencephalon  shows  enhancement  of  all  extensor 
reflexes,  diminution  of  flexor  responses,  and  increased  tone  in  all  the  anti- 
gravity  systems  of  musculature.  The  decerebrate  animal  may  stand  but  falls 
over  if  it  is  pushed  slightly  off  balance.  The  animal  carries  out  many  sym- 
pathetic reflexes,  breathes,  and  shows  reflexes  of  neck,  trunk,  and  limbs.  The 
extensor  rigidity  results  from  interruption  of  extrapyramidal  tracts  from  high- 
er centers  which  normally  inhibit  the  vestibular  nuclei.  The  red  nucleus,  in 
the  floor  of  the  midbrain,  is  the  source  of  one  important  inhibitory  tract.  The 
exaggerated  extension  is  reflex  in  nature,  mostly  from  stretch  receptors,  and 
is  diminished  by  cutting  of  dorsal  roots,  particularly  of  the  neck.  Decere- 
brate mammals  have  been  particularly  useful  for  the  study  of  postural  re- 
flexes.^^^  Animals  like  the  three-toed  sloth  and  bats,  which  normally  have  a 
flexor  rather  than  extensor  anti-gravity  response,  often  show  flexor  rigidity 
when  decerebrated;^**'  ^'^'  ^'^^  decerebrated  humans  show  extensor  rigidity  of 
the  legs  and  flexor  rigidity  of  arms.^^^ 

In  general,  fish  and  amphibians  transected  just  ahead  of  the  medulla  show 
nearly  normal  locomotion,  whereas  for  birds  and  mammals  no  locomotion  is 
possible  with  the  medulla  only.  In  all  of  these  animals  the  basic  respiratory 
and  cardiovascular  reflexes  remain. 

Cerebellum.  The  cerebellum  is  an  outgrowth  of  the  dorsal  lip  of  the  fourth 
ventricle.  Phylogenetically,  it  is  a  derivative  of  the  vestibular  system  and. is 
a  region  of  interaction  among  afferents  from  vestibular  and  lateral  line  or- 
gans, descending  fibers  from  the  midbrain  and  ascending  fibers  from  the 
spinal  cord.  The  two  lateral  lobes  receive  fibers  mainly  from  vestibule  and 
lateral  line,  whereas  the  central  part  (corpus)   receives  spino-  and  olivo- 
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tract  connections  from  the  medulla.  The  cerebellum  is  lacking  in  myxinoids; 
it  shows  much  variation  among  both  fishes  and  reptiles,  and  has  a  very  ex- 
tensive surface  in  birds  and  mammals.  The  functions  of  the  various  nuclei 
in  the  mammalian  cerebellum  have  been  extensively  discussed' ^^  but  are  yet 
poorly  known,  in  that  the  cerebellum  is  a  true  integrating  organ  and  is  not  a 
distributing  or  reflex  structure.  Since  it  has  evolved  in  close  association  with 
the  vestibular  system  it  is  not  surprising  that  the  cerebellum  has  to  do  with 
the  finer  shades  of  posture  regulation. 

Removal  of  the  cerebellum  from  dogfish  fails  to  interfere  with  swimming, 
although  when  one  half  is  removed  the  dogfish  tend  to  circus  because  of 
less  movement  of  the  fins  on  the  operated  side.  In  certain  teleosts  CLo^hius, 
flounder),  there  is  a  very  poorly  developed  cerebellum,  but  in  others  (gold- 
fish) removal  of  the  cerebellum  leads  to  disordered  movements,  rolling  from 
side  to  side,  and  low  tonus,  whereas  after  unilateral  decerebellation  the  gold- 
fish rolls  toward  the  operated  side  and  may  lie  with  the  operated  side  down.^^-"* 
In  the  frog,  also,  the  cerebellum  aids  in  tonus  regulation  and  seems 
necessary  for  normal  spontaneous  jumping.  Removal  of  one  lateral  half  of 
the  cerebellum  from  a  frog  results  in  tilting  of  the  head  and  flexion  of  the 
limbs  on  one  side  of  the  lesion,  with  recovery  in  a  few  weeks.  Similar  pos- 
tural deficiency  results  in  the  frog  when  one  side  of  the  medulla  or  one  ves- 
tibular nerve  is  injured,  and  no  recovery  occurs.^^^'  Removal  of  the  entire 
cerebellum  causes  no  such  deficiency.  One  side  of  the  cerebellum  can  com- 
pensate, then,  for  a  defect  in  the  other  so  long  as  the  vestibular  (and  to  less 
extent  the  visual)  sense  is  unimpaired.  When  the  entire  cerebellum  is  re- 
moved from  frogs  there  is  some  muscular  weakness  and  the  frogs  are  no 
longer  able  to  catch  flies.-*^'  Stimulation  of  the  frog  cerebellum  is  excitatory 
to  muscles  contralaterally  and  may  be  inhibitory  homolaterally."'^  In  reptiles 
the  cerebellum  is  important  not  only  in  equilibrium,  but  in  giving  smooth- 
ness to  movements.  A  decerebellate  lizard  shows  less  spontaneity  than  nor- 
mal, and  walks  "like  a  drunken  man."^*^ 

The  cerebellum  is  highly  developed  in  birds  and  is  important  in  their 
sense  of  balance.  For  some  days  after  removal  of  the  cerebellum  a  bird  can 
hardly  fly,  walk,  or  stand;  it  falls  readily  to  one  side,  but  can  eat  and  drink.'^" 
The  vestibular  center  in  the  medulla  is  normally  inhibited  by  the  cerebellum, 
removal  of  which  gives  effects  similar  to  stimulation  of  the  vestibular  nu- 
cleus. Stimulation  of  the  cerebellum  in  birds  inhibits  postural  tonus  homo- 
laterally,  and  destruction  of  the  anterior  lobe  produces  extensor  spasticity.-'"''' 

When  the  cerebellum  is  removed  from  a  mammal,  no  single  reaction  is 
lost,  but  ability  to  balance  precisely  is  impaired.  Freshly-operated  cats  and 
dogs  may  show  some  opisthotonus  (strong  extension  of  neck  and  head).'''* 
Bats  are  said  to  lose  their  ability  to  fly  after  losing  the  cerebellum,  and  the 
effect  of  removal  is  greater  in  cats  and  dogs  than  in  apes.  One  of  the  most 
conspicuous  deficiencies  in  monkeys  after  ablation  of  the  posterior  (flocculo- 
nodular)  lobes  is  a  disturbance  of  equilibrium,  accompanied  by  tremor  in 
volitional  movement. '•"•* 

Stimulation  of  the  anterior  lobe  of  the  cerebellum  diminishes  decerebrate 
rigidity  (birds  and  mammals);  removal  augments  stretch  reflexes.  The  cere- 
bellum shows  an  electrical   rhythm  of  higher  frequency  than  that  of  the 
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cerebrum.^-^    Some  localization  of  electrical  responses  to  sensory  stimulation 
of  the  feet  and  vibrissae  has  been  described  in  the  cat/**^** 

In  general,  the  cerebellum  in  all  classes  is  intimately  concerned  with  ves- 
tibular and  other  postural  reflexes.  Through  the  vertebrate  series  the  cere- 
bellum increases  in  inhibitory  control.  Localization  of  function  is  of  a  grosser 
sort  in  the  cerebellum  than  in  the  cerebrum. 

Midbrain.  The  midbrain  is  an  important  integrating  center  in  lower  verte- 
brates; it  retains  nuclei  of  the  optic  system  and  adds  auditory  centers  in  high- 
er animals  (Fig.  309).  In  cyclostomes,  elasmobranchs,  bony  fishes,  and  am- 
phibians the  dorsal  portion  of  the  midbrain  is  known  as  the  tectum  and  re- 
ceives terminal  fibers  from  the  optic  tracts.  There  is  sensory  localization  on 
the  surface  of  the  tectum,  also  a  pattern  of  lamination,  at  least  in  the  sala- 
mander.^**^ The  tectum  also  integrates  other  vital  systems,  as  in  the  proprio- 
ceptive and  exteroceptive  systems  of  urodeles.  Efferent  tracts  go  from  tectum 
to  cerebellum  and  to  motor  nuclei  in  the  brainstem.  The  ventral  portion  of 
the  midbrain  is  the  tegmentum,  and  in  addition  to  ascending  and  descending 
tracts  this  region  contains  the  nuclei  of  the  nerves  to  the  eye  muscles.  The 
nucleus  of  the  trochlear  nerve,  for  example,  receives  afferent  impulses  from 
optic,  vestibular,  lateral  line,  and  various  trigeminal  tracts.  In  reptiles,  birds, 
and  mammals  the  optic  tecta  become  the  superior  colliculi  and  behind  these 
lobes  appear  cochlear  centers,  the  inferior  colliculi.  The  tectum  has  many 
cell  lavers  and  is  important  for  correlating  several  sensorv  modalities.  The 
tegmentum  receives  fibers  from  thalamus  and  forebrain,  and  beginning  with 
reptiles  the  reticular  portion  of  it  becomes  differentiated  as  the  red  nucleus. 

When  the  midbrain  is  removed  from  a  dogfish,  swimming  is  good  except 
for  poor  sensory  coordination,  particularly  with  respect  to  equilibrium  and 
vision.  Removal  of  both  tecta  hampers  righting  and  vision.  If  one  tectum, 
e.g.,  the  left,  is  removed,  there  is  increased  extensor  tonus  on  the  intact  side, 
with  flexion  on  the  operated  side  so  that  the  fish  is  curved  to  the  left  (oper- 
ated side).  The  fish  circuses  toward  the  operated  side.  Stimulation  of  the 
lateral  midbrain  results  in  homolateral  eye  movements.  Electrical  stimula- 
tion of  the  midbrain  of  fish  and  amphibians  elicits  good  responses  of  fins, 
opercula,  and  legs,  much  as  does  stimulation  of  the  motor  cortex  of  mam- 
mals.''•'•  '•^^-  There  is  evidence  that  the  tectum  can  function  in  learning  in 
goldfish.  Removal  of  optic  lobes,  leaving  the  floor  of  the  midbrain  intact, 
leaves  normal  vision.-''^  The  midbrain  originates  impulses  which  inhibit  the 
lower  motor  centers,  as  shown  by  the  increased  activity,  such  as  rhythmic  fin 
movements  in  fish  and  decerebrate  rigiditv  in  mammals,  after  transection 
behind  the  midbrain,  but  not  after  transection  ahead  of  it.  An  Aniblystoma 
larva  reaches  a  stage  (Harrison's  stage  40)  when  the  bulbospinal  apparatus 
loses  its  autonomy  in  controlling  locomotion  and  the  midbrain  is  essential: 
then  tecto-bulbar  and  tecto-spinal  connections  are  present.^"-  ''*"  A  center 
for  the  warning  croak  of  a  mating  male  frog  is  located  in  the  base  of  the 
tectum;^**  also,  a  portion  of  the  tegmentum  is  needed  for  normal  spawning 
movements  of  male  frogs. 

o 

In  mammals  one  can  destroy  the  superior  colliculus  and  still  get  pupillary 
light  reactions.  When  the  brain  is  transected  anterior  to  the  midbrain,  dogs 
and  cats  do  not  show  decerebrate  rigidity,  and  by  a  series  of  maneuvers  the 
animals  may  be  able  to  right  and  to  stand.  A  midbrain  primate,  however, 
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is  unable  to  stand.  Preparations  of  this  kind  have  been  used  extensively  in 
the  study  of  righting  reflexes. 

The  inferior  colliculus  can  mediate  some  reflex  shocklike  responses  to 
sound,  and  action  potentials  from  the  midbrain  of  the  cat  in  response  to 
sound  show  that  the  inferior  colliculus  is  an  important  auditory  reflex  cen- 
ter.-^ Similar  electrical  recording  shows  that  the  superior  colliculus  is  a  cen- 
ter for  mediating  responses  to  light,^^  with  a  considerable  degree  of  point-to- 
point  representation  for  the  retina.  Local  stimulation  of  the  superior  collicu- 
lus by  strychnine  elicits  discrete  eye  movements.  Mammals  lacking  the  vis- 
ual (striate)  cortex  show  limited  visual  responses  mediated  by  the  mid- 
brain; cats  and  dogs  still  show  some  intensity  discrimination,  monkeys  show 
less  discrimination,  and  in  man  vision  for  light  and  dark  seems  to  be  lost. 
A  variety  of  evidence  indicates  that  in  most  mammals  rod  vision  depends 
less  than  cone  vision  on  the  cortex,  but  that  in  man  neither  can  be  subserved 
by  subcortical  levels. 

The  midbrain  of  fishes  and  amphibians  is  the  region  of  highest  integra- 
tion and  controls  the  most  complex  behavior  which  these  animals  show.  In 
higher  animals,  particularly  mammals,  the  midbrain  retains  the  regulation 
of  restricted  visual  and  auditory  reflexes,  and  complex  integration  has  moved 
forward  to  areas  of  greater  surface. 

The  Forebrain.  Diencephalon.  The  various  portions  of  the  thalamus  and 
associated  structures  show  great  variations  in  structure  from  one  vertebrate 
class  to  another.  The  function  of  this  part  of  the  brain  is  litde  known  in  non- 
mammalian  groups.  The  diencephalon  gives  rise  to  the  posterior  pituitary 
gland,  also  to  the  pineal  and  contains  (in  fish)  many  neurosecretory  cells.""® 
The  thalamus  consists  of  dorsal  and  ventral  thalamus  and  the  hypothalamus, 
which  is  increased  greatly  in  birds  and  mammals. 

The  thalamus  is  not  known  functionally  in  fish.  Frogs  from  which  the  en- 
tire thalamus  has  been  removed  (also  the  forebrain  connections)  are  inac- 
tive and  do  not  jump  voluntarily.'^"  They  appear  to  be  blind.-*'^  Release  of 
the  female  by  a  male  frog  after  oviposition  requires  a  region  in  the  dorsal 
hypothalamus  and  preoptic  forebrain.'"  There  is  evidence  that  water  trans- 
fer through  the  skin  may  also  be  regulated  by  the  thalamus.  In  birds  and 
mammals  the  thalamus  becomes  important  as  an  autonomic  center.  In  birds 
temperature  regulation  is  localized  in  this  region,^®'"^  and  stimulation  causes 
a  rise  in  blood  pressure  and  slowing  of  respiration.'^® 

In  mammals  the  dorsal  thalamus  is  important  in  correlating  some  sensory 
functions,  particularly  those  of  taste  and  temperature.  The  hypothalamus  is 
essential  to  life  and  is  the  seat  of  many  vegetative  functions,  such  as  water 
regulation  by  eliciting  liberation  of  a  pituitary  hormone  which  decreases  re- 
absorption  of  water  by  kidney  tubules,  and  regulation  of  temperature,  sleep, 
and  blood  sugar  level,  and  other  functions.  There  is  some  cortical  regula- 
tion of  the  autonomic  centers  of  the  thalamus,  and  removal  of  parts  of  the 
cortex  from  cats  releases  a  so-called  center  of  sham  rage.-^^  The  anterior  part 
of  the  hypothalamus  prevents  abnormally  high  body  temperatures;  the  pos- 
terior part  prevents  chilling.  Damage  to  the  hypothalamus  removes  emo- 
tional drive  and  induces  somnolence.'*^^ 

Telence-phalon.  The  telencephalon  is  absent  from  Avi'phioxus  but  is  pres- 
ent in  all  classes  of  vertebrates,  where  it  has  evolved  in  association  with  the 
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paired  olfactory  nerves.  In  cyclostomes  and  elasmobranchs  the  primitive  pal- 
lium (cortex  or  cover)  known  as  the  paleocortex  contains  secondary  olfac- 
tory fibers,  and  this  paleocortex  is  represented  in  higher  vertebrates  by  the 
piriform  lobes,  the  primary  olfactory  region  of  the  brain  in  higher  vertebrates. 
The  archipallium  of  fishes  contains  tertiary  olfactory  neurones  and  becomes 
the  hippocampus  of  higher  classes:  Both  the  paleocortex  and  archicortex  re- 
ceive some  non-olfactory  fibers  and  have  integrative  functions  to  varying 
degrees  in  different  animal  groups.^''  A  neurological  summary  of  the  origin 
of  the  cerebral  cortex  is  given  by  Herdck.^*^"  In  the  sluggish  dipnoan  fish, 
relatives  of  the  likely  ancestors  of  amphibians,  enlarged  vascular  choroid 
plexuses  insure  a  supply  of  ox7gen  to  the  brain  and  the  ventricles  are  di- 
lated. The  expanded  hemispheric  vesicles  persist  in  amphibians,  and  there  is 
addition  of  some  non-olfactory  fibers  entering  the  forebrain,  but  there  is  no 
superficial  gray  matter.  In  reptiles  a  cortex  appears,  with  penetration  into 
the  pallium  of  localized  thalamic  projection  fibers.  In  birds  the  olfactory  sys- 
tem is  greatly  enlarged;  there  is  a  massive  corpus  striatum  and  a  limited  prim- 
itive neocortex. 

The  neocortex  is  already  well  developed  in  the  most  primitive  mammals; 
it  is  non-olfactory  in  its  connections  and  lies  between  the  paleocortex  and 
archicortex.  Higher  mammals  are  characterized  by  an  increase  in  complex- 
ity of  this  cortex,  six  cellular  layers  normally  being  recognized  in  the  mam- 
malian neocortex.  These  six  layers  are  about  100  cells  (or  100  synapses) 
thick  in  higher  primates  but  are  much  thinner  in  lower  mammals.^^'* 

As  one  goes  from  the  primitive  orders  (monotremes  and  marsupials)  to 
the  higher  (primates),  there  is  a  gradual  increase  in  total  surface  by  fold- 
ing and  formation  of  sulci  between  gyri.  The  total  number  of  neurones  in 
the  human  cortex  has  been  estimated  at  10^"  and  that  of  extrinsic  ascending 
or  descending  neurones  at  10^.^^^  Most  of  the  cortical  connections,  are  there- 
fore, within  the  cortex  itself,  horizontal,  or  vertical  from  one  cellular  level  to 
another.  The  svstem  of  relay  paths  must  be  exceedingly  complex.  If  we  as- 
sume all  of  the  properties  of  synaptic  transmission  to  apply  at  each  cortical 
junction  it  is  little  wonder  that  the  total  configuration  shows  unique  "psy- 
chic" properties. 

Inside  the  hemispheres  is  the  massive  corpus  striatum,  present  first  as  a 
sohd  structure  in  fishes.  Beside  the  priniitive  striatum  develops  in  higher 
vertebrates  a  neostriatum  which  contains  the  various  basal  nuclei.  These 
are  intimately  connected  with  the  thalamus;  for  many  functions  the  thalamus 
is  best  considered  a  part  of  the  forebrain. 

The  function  of  regions  of  the  cerebral  cortex  has  been  studied  by  va- 
rious means:  by  ascertaining  anatomical  connections;  by  electrical  and 
chemical  (strychnine)  stimulation,  with  observation  of  motor  and  auto- 
nomic responses;  by  extirpation,  with  observation  of  deficiencies  in  behavior; 
sensory  and  strychnine  stimulation.  None  of  these  methods  is  adequate  to 
of  locating  and  seizing  food  is  unaffected;  the  variability  in  frequency  of 
measure  the  functioning  of  the  system  as  a  whole. 

The  forebrain  of  fishes  is  essentially  an  olfactory  brain,  although  some 
olfactory  discrimination  is  said  to  remain  when  the  forebrain  is  removed. 
The  forebrain  shows  some  spontaneous  electrical  rhythms^"  and  responds 
well  to  chemical  stimulation  of  the  olfactory  organs.  Removal  of  the  fore- 
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brain  from  elasmobranchs  and  teleosts  causes  no  disturbance  of  posture  and 
locomotion.  Also  the  fish  forebrain  has  integrative  functions,  as  indicated 
bv  operative  studies  on  goldfish  (^Carassius'-^'^)  and  on  Phoximis  and  Gohio. 
-^^  Fish  without  forebrains  show  nearly  normal  "spontaneous"  activity  and 
change  in  position  without  specific  environmental  stimulation,  but  lose  "in- 
itiative"—the  ability  to  react  to  stimuli  in  a  specific,  non-reflex  manner.  Speed 
of  locating  and  seizing  food  is  unaffected;  the  variability  in  frequency  of 
spontaneous  movements  of  opercula  and  eyes  is  diminished,  and  the  oper- 
ated fish  after  being  on  a  given  background  tend  to  select  a  background  of 
the  same  brightness  rather  than  a  dark  background,  as  preferred  by  normal 
fish.  Fleeing  is  elicited  by  general  exciting  stimulation  in  both  normal  and 
operated  fish;  but  the  fish  without  forebrains  fail  to  aggregate  as  much  as 
normal  fish,  particularly  when  individuals  are  separated  by  wide-mesh  screen- 
ing. Holocentnis  lacking  all  of  the  forebrain  can  still  learn  to  feed  from  the 
experimenter's  hand.-^'"* 

The  forebrain  of  a  frog  shows  much  spontaneous  electrical  activity  even 
when  it  is  isolated.^*'"  Electrical  stimulation  of  the  forebrain,  as  in  fishes, 
elicits  no  motor  response.'-*^'  Lessening  of  both  spontaneity  and  initiative  as 
a  result  of  removal  of  the  forebrain  from  frogs  and  salamanders  is  both  af 
firmed^ ^^  and  denied;^^^  active  feeding  diminishes,  although  chewing  and 
swallowing  are  normal.  Comparable  reduction  in  foraging  does  not  result 
when  eyes  and  nasal  organs  are  removed  from  amphibian  embryos  without 
brain  interference."^  Some  conditioned  responses  are  lost  after  forebrain  re- 
moval."^ The  swimming  of  a  male  frog  toward  a  female  at  the  time  of 
spawning  is  a  midbrain  response  which  is  facilitated  by  the  forebrain.^**  Thus 
the  amphibian  forebrain  appears  to  be  more  important  in  integration  than  is 
the  fish  forebrain. 

Little  is  known  of  forebrain  function  in  reptiles,  although  an  electrically 
excitable  area  has  been  described  for  turtles  and  lizards^-^  and  for  alligators,^" 
but  its  presence  was  not  confirmed  in  alligators  and  Iguaria  (Straus,  per- 
sonal communication),  or  in  the  lizard  Lacerfa.^"'  However,  in  Lacerta  the 
motor  responses  elicited  by  stimulation  of  the  tectum  were  modified  by  simul- 
taneous stimulation  of  the  cortex.  Straus  reports  no  visible  response  in  four 
alligators  on  stimulation  of  the  cerebral  cortex  (with  a  unipolar  electrode). 
All  reactions  secured  could  be  interpreted  as  the  result  of  spread  of  current 
or  as  "pain"  reactions.  In  three  iguanas  similar  stimulation  produced  incon- 
stant and  variable  contractions  of  muscles  of  the  head,  neck,  and  trunk,  but 
none  at  all  of  the  muscles  of  the  extremities  or  tail.  It  seems  doubtful  wheth- 
er the  results  secured  in  Iguana  can  be  regarded  as  constituting  proof  of  the 
existence  of  a  true  "motor"  cortex. 

There  appear  to  be  no  recent  studies  on  electrical  stimulation  of  the  non- 
laminated  cortex  in  birds,  and  older  experimenters  disagree  regarding  the  ex- 
istence of  excitable  areas.  It  appears  certain,  however,  that  removal  of  the 
hemispheres  from  pigeons  makes  the  birds  listless  and  uninterested  in  their 
environment;  the  operation  interferes  somewhat  with  reproductive  behavior, 
although  the  birds  can  maintain  their  equilibrium  and  can  erect  their  feath- 
ers and  maintain  body  temperature.^*'^  With  cortex  gone  but  the  entire 
striatum  intact,  some  birds  mated  and  reared  young.^^^  The  operated  birds 
learned  to  eat  after  some  weeks.    Forebrainless  pigeons  were  able  to  avoid 
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obstacles,  selected  small  bits  of  food  \'isiially,  but  paid  little  attention  to  a 
threatening  approach.'*^''*  Stimulation  of  the  striatum  elicits  movements  of 
the  beak  and  other  structures,  and  removal  of  lar^e  parts  of  the  striatum 
causes  severe  behavior  deficiencies. "*'"'•' 

The  non-laminated  neocortex  of  submammalian  classes  deserves  more 
study,  particularly  observations  of  electrical  responses;  at  present  it  is  not 
possible  to  assign  to  it  any  specific  function. 

The  mammals  present  a  wide  range  of  cortical  function  which  is  well  il- 
lustrated bv  the  increasing  complexitv  of  responses  to  electrical  stimulation 
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Fig.  310.  Lateral  views  of  distribution  of  total  excitable  (motor)  cortex.  A,  In  the 
monotreme  Ornithorhynchiis,  From  Abbie.^  B,  In  the  marsupial  Trichosurus.  From 
Abbie.^ 


in  the  series  from  monotremes  to  primates.  The  number  of  discrete  move- 
ments that  can  be  elicited  on  electrical  stimulation  is  quoted  as  less  than  10 
in  monotremes  and  marsupials,^"  28  in  an  ant-eater,'"^  and  several  hun- 
dred in  higher  primates.  The  monotremes  Echidna^*'^  and  Tachyglosstis^ 
have  a  band  of  motor  cortex  with  gross  representation  from  above  downward 
of  tail,  hind  legs,  trunk,  fore-legs,  and  head:  the  motor  cortex  activates  a 
long  corticospinal  tract,  there  being  no  pyramidal  tract.  In  Ornithorhynchus 
(Fig.  310,  A),  on  the  other  hand,  a  large  portion  of  the  cortex  is  excitable 
with  overlapping  representation  of  fore  limbs,  head,  and  evelids,  and  with 
no  good  representation  of  tail  and  hind  limbs.  In  marsupials  also  the  excit- 
able areas  are  poorly  defined  and  there  is  much  overlap  (Fig.  310,  B);  the 
fore  limbs  and  head  are  represented  and  in  only  one  of  the  three  marsupials 
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which  have  been  studied  is  there  certain  representation  of  the  hind  hmbs 
and  tail.^-  -  Removal  of  the  excitable  area  from  the  opossum  causes  tempor- 
ary weakness  of  the  fore  feet,  and  stimulation  of  the  striatum  then  elicits 
movement  of  contralateral  legs.-^"^  Removal  of  cortex  plus  striatum  causes 
partial  contralateral  paralysis,  and  failure  to  climb  or  maintain  balance.  How- 
ever, the  animals  can  eat  if  food  touches  the  mouth.   The  face  is  well  repre- 


Focial 


Fore  limb 


A 


Fore  limb 


B 


Focial  ond 
masticatory 
(including  facial 
vibrissae  movements) 


CAT 


Hind  limb  Sulcus  centroles  Rolandi 

J°''--Oi!«S*''----^       Trunk 
Fore  limb  - 


MACAQUE 


Fig.  311.  Diagrams  showing  distribution  of  excitable  cortex.   A,  in  the  laboratory  rat. 
B,  In  the  cat.   C,  In  the  macaque  monkey  (Pitneciis).    From  Huber."" 

sented  in  the  motor  cortex.  In  the  hedgehog  Erinaceus  the  neocortex  is  rela- 
tively small,  and  electrical  responses  to  chemical  stimulation  of  the  olfactory 
organ**  are  observed  in  both  the  pyriform  area  and  the  olfactory  bulb.  The 
motor  cortex  is  less  active  and  less  defined  than  in  more  specialized  mam- 
mals;^^  the  cortex  of  the  sheep  is  not  much  better. 

In  rodents  there  are  widely  dispersed  excitable  areas,  electrical  stimula- 
tion of  which  elicits  discrete  movements  of  groups  of  muscles  (Fig.  311,  A). 
Decorticate  rabbits  survive  well;  they  appear  blind  at  first,  but  later  can  dis- 
tinguish light  and  darkness.^"-*  In  dogs,  when  all  of  the  cortex  is  removed. 
the  deficiencies  are  more  severe.  The  animals  are  blind,  although  the  pupils 
constrict  to  bright  light,  and  thev  are  nearly  deaf;  they  lose  all  those  re- 
sponses which  depend  on  past  training,  but  are  able  to  stand  and  to  make 
many  postural  responses. 

Localization  in  the  cortex  of  primates,  which  is  distinctly  superior  to  that 
in  any  other  mammal,  has  been  extensively  studied;^^"*  only  a  few  aspects  of 
it  can  be  mentioned  here.  There  is  a  striking  series  from  lemurs  through  the 
anthropoids  to  man.  One  viewpoint  is  that  specific  functions  are  precisely 
localized;  another  opinion  is  that  the  cortex  functions  as  a  whole,  or  at  least 
by  areas  in  which  finer  localization  is  not  rigidly  fixed.  In  a  general  way  the 
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lobes  of  the  forebrain  have  specific  functions:  occipital  lobe— vision;  tem- 
poral lobe— hearing;  parietal  lobe  (post-central  gyrus)— proprioceptive  and 
exteroceptive  sense;  frontal  lobe  (precentral  gyrus)— motor  control.  The  func- 
tions named  are  not  restricted  to  their  lobes  and  in  each  part  of  the  cortex 
there  are  also  areas  of  integration.  The  sensory  areas  have  been  mapped  by 
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Fig.  312.  Maps  of  the  somatic  sensory,  auditory,  and  visual  areas  of  the  cerebral  cortex 
of  monkey,  cat,  and  rabbit  as  determined  by  action  potentials.  I  primary,  II  secondary 
areas  for  each  sensory  modality.  Hatched  lines,  ipsilateral  face  areas.  A  M  B  in  auditory 
areas  indicate  projection  of  apical,  middle,  and  basal  turns  of  cochlea.  In  diagram  of 
monkey  brain  the  sylvian  fissure  is  represented  as  spread  apart  to  reveal  the  insula. 
Redrawn  from  Woolsey.*^ 

local  application  of  strychnine  in  animals,  by  electrical  stimulation  in  con- 
scious humans,  by  extirpation  and  observation  of  sensory  deficiencies,  and  by 
recording  electrical  responses  to  sensory  stimulation.  To  a  localized  sensory 
stimulus  there  are  usually  two  or  more  cortical  regions  of  response,  primary 
and  secondary  (Fig.  31 2).^'^'^  The  retina  is  represented  point  for  point  on  the 
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contralateral  occipital  cortex  (area  striata  in  rats).-^*^  Areas  responding  to  tac- 
tile stimulation  are  not  confined  to  the  postcentral  gyrus  but  also  extend  some- 
what anteriorly.  The  sensory  areas  correspond  in  size  to  the  more  important 
parts  of  the  sensory  pattern,  as  the  mouth  parts  in  rabbits,  claws  and  dorsal  and 
lateral  forelimb  in  cats,  face  in  dog,  hands  and  face  in  monkey.^  Auditory  areas 
show  sharp  projection  from  regions  of  the  cochlea,  hence  of  sound  frequency, 
in  monkeys,'^*'  less  of  point-to-point  projection  in  cats,  and  probably  still  less 
in  rats/'' 

The  motor  area  is  best  known  from  direct  stimulation.  Cortical  stimula- 
tion usually  elicits  responses  not  of  single  muscles  but  rather  of  groups  of 
muscles,  exciting  some  and  inhibiting  their  antagonists,  the  delineation  of 
cortical  areas  corresponding  to  discrete  movements  rather  than  to  individual 
muscles.  The  motor  points  which  on  stimulation  yield  discrete  movements  in 
higher  primates  lie  in  the  precentral  gyrus  (area  4),  with  areas  for  feet  and 
legs  dorsally,  then,  progressing  downward,  for  body,  arms,  neck,  face,  tongue. 
Corresponding  sensorv  points  lie  opposite  on  the  postcentral  gyrus  (Fig. 
312). 

Ahead  of  the  motor  cortex  lies  the  premotor  area  (area  6),  which  effects 
movement  by  way  of  the  motor  area.  Also  anterior  to  the  motor  area  are  re- 
gions with  specific  regulatory  functions,  such  as  pupillary  constriction,  eye 
movements,  and  respiration.  Overlapping  these  and  the  motor  and  premotor 
areas  are  regions  concerned  with  autonomic  regulation,  cardiovascular  and 
gastrointestinal  control,  sweating,  salivation,  etc.  The  extreme  rostral  por- 
tion of  the  cortex,  the  frontal  areas  (prefrontal  of  many  authors),  are  "as- 
sociation" regions,  and  stimulation  here  elicits  no  motor  response.  Removal 
of  these  regions,  of  frontal  lobotomy,  as  practiced  in  certain  neuropsychiatric 
patients,  has  little  postural  effect  but  results  in  a  distinct  "intellectual  deficit" 
in  respect  to  insight  and  foresight,  and  reduces  the  responses  to  emotional 
tension  and  the  "worry  tendency. "^^^ 

Areas  which  are  "silent"  with  respect  to  electrical  stimulation  also  occur 
in  other  lobes,  parietal  and  temporal.  Aphasia  of  various  types  results  from 
ablations  in  several  regions.  Hence,  although  intelligence  in  primates  has 
been  interfered  with  most  by  prefrontal  lesions,  strict  association  function  is 
widely  distributed  in  the  cortex  with  recent  evidence  emphasizing  the  impor- 
tance of  the  temporal  lobes. 

Quadrupedal  vertebrates  (also  to  some  extent  arthropods)  display  placing 
reactions  of  their  legs  which  are  initiated  by  tactile,  visual,  or  proprioceptive 
stimuli.  Also  when  their  feet  are  dragged  laterally  against  a  plane  surface 
they  show  a  hopping  reaction.  In  cats,  dogs,  and  monkeys  hopping  reac- 
tions are  lost  when  the  contralateral  sensori-motor  cortex  is  removed  and  are 
retained  when  all  but  these  gyri  are  ablated.  In  the  rat,  placing  reactions 
are  controlled  by  a  larger  area,  approximately  one  third  of  the  cortex,  and 
hopping  may  be  subcortical.  In  the  opossum,  placing  reactions  are  controlled 
by  the  contralateral  excitable  cortex,  as  in  higher  mammals.*'^  In  the  alli- 
gator and  lizard,  proprioceptive  placing  remains  when  all  of  the  brain  ahead 
of  the  mesencephalon  is  removed,  but  placing  fails  contralaterally  after  re- 
moval of  a  lateral  half  of  the  midbrain  (not  tectum  alone). •*^'  ^^  These  re- 
actions illustrate  different  degrees  of  dependence  on  the  forebrain,  and  de- 
grees of  localization  within  the  cerebral  cortex.  In  man,  the  only  subcortical 
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visual  response  is  pupillary,  whereas  in  fish  and  amphibia  all  vision  may  be 
mediated  bv  the  tectum.  Dogs  and  monkeys  have  subcortical  perception  of 
light  and  dark,  but  not  of  pattern.^^" 

The  cortex  is  also  distinguished  by  a  certain  equipotentiality  of  function. 
Although  there  is  point-for-point  projection  on  the  visual  cortex  (Fig.  140), 
deficiencies  in  learned  visual  reactions  occur  in  rats  in  proportion  to  the 
amount  of  cortex  removed,  largely  irrespective  of  location. ^^"'  -^^  Removal 
of  a  visual  area  from  monkeys  causes  a  loss  of  a  learned  visual  habit  but  the 
habit  is  readilv  relearned,  presumably  by  a  new  area."*  Auditory  learning  in 
dogs  can  occur  in  substitute  areas,  any  of  three  regions  on  both  sides  being 
required  in  varying  amounts.^-  When  high  intensities  of  electrical  stimula- 
tion and  facilitation  are  used  instead  of  threshold  stimuli  for  mapping  motor 
areas,  there  appears  to  be  more  overlap  of  the  areas  eliciting  movements  of 
different  limbs.''"'  Histological  identification  of  different  areas  of  cortex  in 
monkeys  shows  much  variation  among  the  individuals  of  a  species,  differ- 
ences which  may  even  be  the  basis  for  individual  variation  in  behavior.^^'- 
The  histological  localization  of  specific  cortical  areas  is  by  no  means  as  pre- 
cise as  was  formerly  believed.''" 

Mammals,  as  compared  with  birds  and  reptiles,  show  striking  increase  in 
specificity  of  function  of  the  neocortex,  with  lamination  and  the  development 
of  cortico-spinal,  particularly  pyramidal,  tracts.  Motor  areas  are  present  even 
in  monotremes  and  marsupials,  but  localization  is  less  precise,  fewer  kinds  of 
movement  are  elicited,  and  there  is  more  overlap  than  in  higher  mammals. 
The  basic  response  to  electrical  stimulation  of  a  motor  area  is  a  gross  move- 
ment; increase  in  the  number  of  neurone  lavers  and  increase  in  cortical 
folding  permit  more  discrete  localization  and  more  modifiability  of  response. 
The  evolution  of  the  neocortex  in  mammals  has  involved  an  increase  in 
number  of  "computer  circuits,"  a  greater  possible  variety  of  combinations, 
and  a  greater  memory  factor. 

Behavior  mediated  by  the  cortex  differs  from  responses  of  lower  centers 
in  consisting  of  delayed  reactions  and  in  showing  considerable  lability  of  re- 
sponse. The  interconnections  of  cerebral  neurones  are  multiple.  The  true 
picture  of  cortical  function  combines  gross  localization  and  labilitv  of  finer 
units;  it  is  doubtful  that  the  mechanisms  of  cortical  lability  can  be  under- 
stood by  any  of  the  experimental  techniques  now  available. 

PERSISTENT  PHENOMENA  IN  CENTRAL  NERVOUS  SYSTEMS 

Most  of  the  behavior  described  in  the  preceding  sections  can  be  accounted 
for  by  messages  acting  for  brief  periods  over  fixed  anatomical  pathways. 
Nerve  physiologists  have  concentrated  on  mechanisms  of  transmission,  fa- 
cilitation, and  inhibition,  which  are  transient,  lasting  at  most  a  few  hundred 
milliseconds.  Less  understood  is  the  capacity  of  the  nervous  system  to  retain 
patterns  of  response  for  long  times— seconds,  days,  and  a  lifetime.  We  know 
virtually  nothing  of  the  physiological  basis  for  complex  "instinctive"  behav- 
ior, conditioning,  learning,  memory,  and  abstract  reasoning.  Tropistic  be- 
havior, direct  reaction,  rarely  occurs  in  nature,  where  animals  are  subjected 
to  multiple  stimuli  and  where  reactions  depend  on  past  experience. 

Changes  in  excitability  persisting  for  seconds  in  mammalian  nerve  cen- 
ters have  been  described.  The  summation  in  the  lumbar  spinal  cord  associ- 
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ated  with  copulation  is  an  example.  Another  example  is  facilitation  and  ex- 
tinction in  the  cerebral  cortex.^ "-•^'  ^-^ 

Brief  repetitive  stimulation  of  a  local  area  of  the  cortex  may  reduce  the 
electrical  response  to  another  brief  stimulus  applied  seconds  later  at  the 
same  point.  In  a  monkey  the  extinction  is  maximal  in  the  unanesthetized 
state  after  4  seconds,  under  moderate  anesthesia  after  13-15  seconds,  and  un- 
der deep  anesthesia  after  1-3  minutes.  The  first  stimuli  may  even  be  sub- 
liminal for  a  cortical  response,  and  the  extinction  effect  depends  on  deep 
layers  of  the  cortex.  A  faster  effect,  facilitation,  is  an  increase  in  cortical  re- 
sponse if  preceded  a  few  seconds  earlier  by  cutaneous  or  adjacent  cortical 
stimulation.  In  sympathetic  ganglia  a  single  preganglionic  volley  may  cause 
facilitation  for  a  few  seconds,  but  after  a  series  of  volleys  facilitation  lasts 
longer  than  five  minutes.-^*^  The  mechanism  of  these  persistent  effects  must 
be  very  different  from  synaptic  excitability  changes  described  above. 

Classification  of  Conditioned  Responses,  The  literature  of  comparative 
psychology  is  extensive  and  comprises  observations  of  social  behavior  of  ani- 
mals and  of  habits  of  hunting,  feeding,  reproduction,  and  care  of  young, 
and  some  experimental  studies.  An  extensive  bibliography  of  conditioning 
(1111  references)  is  given  by  Razran,'^^^  and  summaries  of  the  literature 
may  be  found  in  books  by  numerous  authors,  Maier  and  Schneirla,-'^"  and 
Warner,"*-^  among  others.  Modern  theory  of  conditioning  is  well  presented 
by  Hilgard  and  Marquis. ^''^  We  are  here  concerned  with  adaptive  behavior 
only  when  it  gives  evidence  concerning  neural  mechanisms. 

In  classical  conditioning  one  stimulus,  the  conditioned  stimulus  (CS),  is 
usually  followed  by  another  stimulus,  the  unconditioned  stimulus  (UnCS), 
which  alone  elicits  a  given  response  (RUnCS);  after  sufficient  presentations 
of  both  stimuli  in  proper  sequence,  the  first  (CS)  alone  elicits  the  response 
(RCS).  If  CS  is  then  applied  repeatedly,  without  reinforcement  by  UnCS, 
the  response  to  CS  may  become  extinguished;  recovery  may,  however,  occur 
spontaneously  or  as  the  result  of  some  strong  generalized  stimulation,  disin- 
hibition.  Many  levels  of  conditioning  exist,  and  methods  for  distinguishing 
among  different  kinds  of  neural  modification  are  needed  before  any  func- 
tional classification  of  types  of  conditioning  can  be  made.  A  comparison  of 
the  modifiability  of  different  kinds  of  nerve  centers  is  needed.  The  following 
"levels  of  conditioning"  may  be  recognized. 

1.  Neural  modification  may  result  from  repeated  stimulation  over  one 
sensory  pathway,  such  that  there  occur  changes  in  the  quantitative  relation- 
ship between  the  intensity  of  a  stimulus  (S)  and  the  size  of  response  (R). 
The  effectiveness  of  the  stimulus  may  be  either  increased  or  decreased  so 
that,  for  example,  VzS-^R,  or  2S-^R.  Central  modification  must  be  distin- 
guished from  sensory  adaptation  by  making  certain  that  the  repeated  stimula- 
tion does  not  alter  the  sense  organ  response.  An  example  of  decreased  central 
excitability  is  extinction  or  "fatigue"  of  a  behavior  response  as  the  sense  organ 
is  repeatedly  stimulated.  Also,  animals  may  respond  differently  to  different  in- 
tensities of  stimulus,  as  of  light,  and  the  neural  modification  on  repetition 
may  consist  of  raising  the  range  in  which  the  response  to  the  low  intensity 
is  elicited.  Possiblv  such  modification  occurs  in  sensorv  centers. 

2.  1  he  effect  of  one  sensory  pathway  may  be  altered  by  messages  over  a 
second  sensory  pathway,  even  though  the  two  are  not  presented  in  a  spe- 
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cific  sequence.  After  repetition  of  Si~^Ri  a  second  stimulus,  S-,  may  now 
elicit  its  own  response,  R2,  although  before  the  repetition  of  Si,  stimulus  So 
failed  to  evoke  any  overt  response.  A  weak  tactile  stimulation  to  a  rat,  for 
example,  mav  elicit  no  motor  response  unless  it  follows  strong  visual  stimu- 
lation. The  stimulation  by  light  lowers  the  threshold  for  tactile  stimulation, 
even  though  the  responses  are  different.  A  response  which  has  been  extin- 
guished by  repetition  can  be  "disinhibited "  or  brought  back  by  generalized 
sensory  stimulation.  One  sense  modality  directly  modifies  the  response  to 
another. 

3.  In  pseudoconditioning  the  stimulus  S2  comes  to  elicit  the  same  response, 
Ri,  as  does  Si.  In  some  instances  the  stimuli  are  not  presented  together.  In 
other  instances  they  are  presented  in  combination.  The  conditioned  response 
(RC)  is  very  similar  in  latency  and  form  to  the  unconditioned  response 
(RUnC);  persistence  is  limited.  Examples  are  conditioning  of  the  knee  jerk 
or  of  the  pupillary  reflex.  Trial  or  error  learning  by  lower  animals  and  much 
"instinctive"  behavior  appear  to  depend  on  pseudoconditioning  mechanisms; 
this  type  of  modification  of  behavior  is  dehnitely  limited  by  existing  neural 
connections. 

4.  True  conditioning  depends  on  temporal  contiguity  of  the  uncondi- 
tioned stimulus  UnCS,  and  the  conditioned  stimulus  CS.  The  RCS  differs 
somewhat  from  RUnCS;  it  has  a  longer  latency,  and  the  new  response  may 
persist  for  days  unless  it  is  extinguished.  The  RCS  may  be  anticipatory  in 
character.  Conditioned  salivary  reflexes  of  the  classic  Pavlov  type  and  the 
neural  modifiability  for  maze  learning  and  problem-box  solving  (instrument- 
al conditioned  reflexes)  represent  true  conditioning 

5.  The  most  complex  behavior  changes  require  motivation  separated  in 
time  and  space  from  the  CS.  Such  behavior  is  "insightful,"  and  the  animal 
responds  to  a  new  situation,  such  as  a  multiple  choice  problem,  in  the  light 
of  memory  of  complex  past  experience.  Complex  learning  may  involve  sym- 
bolic processes,  as  in  reasoning. 

The  preceding  classihcation  is  arbitrary  and  has  no  experimental  phy- 
siological basis,  but  it  may  provide  a  background  for  considering  different 
kinds  of  animal  "learning."  Three  theories  of  conditioning  have  been  pro- 
posed: (1)  New  synaptic  connections  mav  be  established  during  condition- 
ing; the  time  required  for  conditioning  is  so  brief  that  morphological  change 
seems  unlikely.  (2)  Persistent  synaptic  facilitation  may  occur;  electrical 
studies  have  not  given  evidence  for  long-lasting  changes  in  neurone  excit- 
ability. (3)  Conditioning  may  start  conduction  in  reverberating  chains  and 
thereafter  impulses  pass  continually  around  the  chain,  giving  off  motor  dis- 
charges as  called  for;  opposed  to  this  is  the  fact  that  memory  continues  after 
anesthesia.  None  of  these  hypotheses  is  satisfactory  for  long-term  learning, 
and  a  new  approach  is  needed  if  the  physiology  of  conditioning  is  to  be  un 
derstood.  Examination  of  the  kinds  of  conditioning  which  can  occur  in  dif- 
ferent animals  and  in  various  nerve  centers  may  aid  in  understanding  the 
mechanisms  of  persistent  responses. 

Neural  Basis  for  Conditioned  Responses  in  Animals.  In  Protozoa  altera- 
tion in  sign  and  rate  of  response  to  repeated  stimulation  has  been  reported;  an 
amoeba  avoids  a  bright  light  by  decreasing  pseudopodial  contacts,-^^  and  a 
Paramecium  turns  around  in  a  capillary  tube  with  fewer  partial  turns  after 
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several  tries.  A  conditioning  experiment  which  should  be  repeated  was  per- 
formed by  Plavilstchikov  (reported  by  Razran"^-"^)  on  the  colonial  peritrich 
Carchesitim  with  colored  light  as  CS  and  a  mechanical  prod  as  UnCS.  All 
of  82  colonies  were  "conditioned"  to  respond  to  the  light  after  an  average 
of  138  trials  at  15  to  20  per  day,  and  the  habit  was  reported  to  be  retained 
and  carried  along  when  part  of  the  colony  was  transplanted  to  another  col- 
ony! 

There  is  no  evidence  of  conditioning  among  coelenterates,  although  the 
tentacles  of  fed  actinians  fail  to  accept  paper  after  several  repetitions;  this 
may  be  sensory  adaptation.  Echinoderms,  particularly  starfish,  show  complex 
behavior  in  feeding,  righting,  and  escaping  from  narrow  confines,  but  there 
is  no  evidence  for  lasting  modifiability  except  perhaps  in  changing  dominant 
arms  after  restraint.-^*  No  conditioning  experiments  have  been  reported  on 
coelenterates  or  echinoderms  in  which  different  sense  modalities  have  been 
used  as  CS  and  UnCS. 

In  the  flatworms  and  annelids  there  is  clear  evidence  for  dominance  of 
cephalic  sense  organs  and  nerve  centers.  There  are  numerous  examples  of 
reversal  of  a  response  to  one  sensory  stimulus  by  combining  such  a  stimulus 
with  another  which  is  normally  more  potent.  A  marine  flatworm,  for  ex- 
ample, which  was  quiet  in  darkness  and  active  in  light,  was  "trained"  by 
touchino  each  time  it  moved  in  the  light  to  remain  quiet  on  illumination.-^- 
Specimens  of  Neanthes  C^ereis')  which  normally  responded  negatively  to 
illumination  or  to  touch  "learned"  to  come  out  of  their  tubes  in  the  light  by 
virtue  of  an  UnCS  of  mussel  juice  presented  at  the  time  of  the  light  or 
touch. i°--  ^"-^  Reversals  of  normal  sign  of  response  to  light  were  elicited  by 
tactile  stimulation  in  Hydroids^'-^-'  and  in  Lumhriculus.^^'  The  earthworm 
is  normally  positive  to  low  light  intensities  and  negative  to  high;  if  this  is 
also  true  for  other  species  the  reversal  in  response  (as  in  Neanthes^  may  be  a 
rise  in  threshold  for  negative  response.  This  hypothesis  could  be  tested  by 
measuring  conditioned  responses  at  several  light  intensities.  Quite  a  different 
order  of  conditioning  was  achieved  on  one  individual  earthworm  by  Yerkes 
^^"  and  on  several  by  Heck^"  and  by  Swartz,-^^-"*  using  a  T-shaped  maze  with 
electric  shock  on  one  arm.  The  worms  formed  an  association  with  the  "cor- 
rect" (shockless)  direction  of  turning,  the  habit  was  not  lost  after  removal 
of  the  supraesophageal  ganglion,  and  worms  from  which  several  anterior 
segments  had  been  removed  learned  the  habit.  Apparently  the  ventral  gan- 
glia can  be  conditioned. 

Sensory  adaptation  is  familiar  in  molluscs,  and  in  one  conditioning  experi- 
ment on  a  snail,  Physa,  tactile  stimulation  of  the  foot,  which  normally  in- 
hibited chewing  movements,  presented  in  combination  with  UnCS  of  a  let- 
tuce leaf,  elicited  chewing  movements.^'"  Experiments  with  snails  in  mazes 
have  not  been  very  successful.  Among  the  cephalopod  molluscs,  individuals 
of  Sepia  and  Octopus  learned  not  to  eject  their  tentacles  at  a  prawn  behind 
a  glass  plate  on  which  a  white  circle  was  painted,  while  they  continued  to 
shoot  at  prawns  not  accompanied  by  glass  and  circle.^'^^' "^"^  A  normal  sepia 
goes  around  a  corner  after  a  prawn  which  has  disappeared  behind  a  barrier; 
when  the  dorsal  integrative  portion  of  the  brain  mass,  the  verticalis  com- 
plex, is  removed  (p.  821),  the  sepia  no  longer  hunts  around  a  corner  for 
a  prawn,  although  it  can  still  learn  not  to  eject  its  tentacles  at  a  prawn  be- 
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hind  a  olass.'"-  Eledone  has  been  conditioned  to  give  a  chromatophore  re- 
sponse with  colored  Hght  as  the  CS. 

In  no  other  group  of  in\ertebrates  is  instinctive  behavior  so  highly  de- 
veloped as  in  the  arthropods,  particularly  in  hymenopteran  insects.  The  lit- 
erature on  social  behavior  of  bees,  wasps,  and  ants  is  more  extensive  than 
for  anv  other  group  except  primates.  Experimental  studies  are  fewer.  Light 
has  been  used  successfully  as  a  CS,  associated  with  prod  or  shocking  as 
UnCS,  in  arthropods  such  as  the  water  mite  Limnesia;^^^  Cyclops,  hermit 
crabs  (Ejipagitrns),-'^"  Pagiirus  and  Leander  (Mickhailoff  in  Razran''"*'"'), 
and  cockroaches  by  several  authors  (e.g.,  Hunter-^'O-  Larvae  and  adults  of 
Tenehrio  were  trained  to  avoid  rough  or  smooth  surfaces  and  to  make  a  cor- 
rect turn  in  a  T-maze.^'"  A  crude  correlation  has  been  suggested  between 
the  relative  size  of  the  mushroom  bodies  (corpora  pedunculata)  and  intelli- 
aence  of  insects  (Table  78),  but  no  one  seems  to  have  tested  the  effect  on 
learnino  and  memory  of  the  removal  of  these  bodies.  Lhmdus,  an  animal 
with  very  large  corpora  pedunculata,  has  not  been  studied  for  "intelligence." 
Arthropod  behavior  is  modifiable  within  limits. 

Fish  have  been  conditioned  in  many  experiments,  particularly  to  color, 
form,  and  sound  as  the  conditioned  stimuli,  and  the  habit  has  been  retained 
for  several  weeks.'^-  Training  in  mazes  has  also  been  successful.  Some  fish 
show  social  behavior,  nest  building,  and  care  of  the  young,  and  some  mi- 
orate  great  distances.  Removal  of  the  forebrain  from  sticklebacks  resulted  in 
no  loss  in  behavior  or  in  ability  to  learn  color  or  form  discrimination;  also 
after  removal  of  the  cerebellum  these  fish  learned  and  retained  their  habits 
well.'^"''*  Goldfish  have  been  trained  to  second-order  responses,  i.e.,  first  to 
visual  stimulus  with  food  as  the  UnCS  and  then  to  the  olfactory  stimulus  of 
amyl  acetate  with  the  visual  stimulus  as  re  ward. •^'^^  When  parts  of  the  tec- 
tum were  removed,  particularly  its  anterior  border,  the  second-order  learn- 
ing was  upset;  hence  the  site  of  conditioning  was  the  tectum.  There  appears 
to  be  much  variation  in  the  function  of  the  forebrain  (principally  striatum) 
among  fish.  Cichlid  fish,  for  example,  after  loss  of  the  entire  forebrain 
showed  sex  recognition,  learned  new  territories,  but  failed  to  deposit  or  ferti- 
lize eggs  or  to  go  in  schools.  In  Lehistes,  however,  mating  persisted;  Hemi- 
chromis,  19  months  after  a  lesion  to  the  striatum,  failed  to  guard  its  eggs.-^"'^ 
Both  the  tectum  and  striatum,  then,  function  in  certain  species  for  learned 
and  complex  instinctive  behavior. 

Amphibians  refuse  distasteful  food  after  a  few  trials.  Both  urodeles-'^'^  and 
anurans'^"  have  been  trained  successfully  in  simple  mazes.  Conditioning  to 
visual  and  auditorv  stimuli  with  food  as  UnCS  occurs  if  the  stimuli  are  no 
more  than  2  seconds  apart.' ^•''  Associations  are  still  formed  with  one  side  of 
the  forebrain  removed  but  not  with  both  halves  lacking. 

Turdes  have  been  trained  in  mazes  nearly  as  readily  as  rats.  Birds  per- 
form complex  feeding,  mating,  nest-building,  and  rearing  of  young.  Mi- 
gration and  homing  are  poorly  understood,  but  certainly  experience  and  good 
memory  of  places  are  contributory.  Many  studies  by  conditioning  and  maze- 
learning  techniques  have  demonstrated  the  high  order  of  learning  in  birds,^-^ 
but  few  correlations  with  neural  structures  have  been  made.  Discrimination 
between  a  circle  and  triangle  continues  in  the  fowl  after  removal  of  the  cor- 
tical surface  of  the  forebrain.^'^^ 
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In  contrast  to  reptiles  and  birds,  mammals  have  been  conditioned  in  ways 
which  indicate  the  general  site  of  persistent  neural  modification,  if  not  its 
nature.  Reflexes  which  can  occur  without  the  cortex  are  susceptible  of  con- 
ditioning, for  example,  eyelid  reactions,  pupillary  response,  psycho-galvanic 
reflex  and  knee  jerk.  However  it  is  not  proved  that  the  conditioning  per 
se  is  not  in  higher  centers.  A  word  association  may  be  formed  in  man  on  a 
single  trial,  but  spinal  reflexes  (in  intact  animals,  including  man)  are  very 
difficult  to  condition.-^^^-  ^^^  Ability  to  learn  appears  to  increase  in  the  fol- 
lowing order:  rats  (and  some  other  rodents),  cats,  dogs,  raccoons.  Primates 
excel  in  problem-solving  and  use  of  tools;  cortical  conditioning  in  them  is 
rapid  and  varied,  and  usually  the  RC  diff^ers  in  detectable  manner  from  the 
RUnCS. 

There  is  no  evidence  for  conditioning  of  sympathetic  ganglia  or  various 
sensory  nuclei.  It  has  been  claimed  that  in  acutely  spinal  dogs  certain  spinal 
reflexes  can  be  conditioned.'^^--  ^^"^  However,  in  chronic  preparations,  altera- 
tions in  leg  response  by  conditioning  methods  do  not  occur  according  to  a 
typical  learning  curve;  the  response  is  variable  in  form  and  may  be  either 
extension  or  flexion. -^^  In  chronically  spinal  rats  crossed  extension,  responses 
of  the  rump  to  tail  stimulation,  and  some  other  reflexes  are  gradually  "ex- 
tinguished" after  many  stimulations  at  the  rate  of  one  every  fifteen  seconds; 
these  responses  return  (disinhibition)  after  general  vigorous  excitation."*"^*^ 
True  conditioning  of  the  spinal  cord  has  not  been  demonstrated,  but  per- 
sistent alterations  in  spinal  excitability  certainly  do  occur. 

Subcortical  centers  of  the  brain  can  be  conditioned  in  certain  mammals. 
Decorticate  dogs^''**  and  rabbits,^''''  as  well  as  animals  lacking  the  striate 
or  visual  cortex  (rabbits,'*^^  rats"^'^'  -'*0>  have  been  conditioned  to  light  and 
to  sound.  Even  some  responses  acquired  prior  to  decortication  can  be  retained 
after  the  operation.  The  kinds  of  response  that  can  be  conditioned  in  de- 
corticate dogs  are  limited,  and  are  of  widespread  activity  rather  than  re- 
stricted response. ^'^^  Numerous  experiments  after  removal  of  the  visual  cortex 
indicate  conditioning  of  generalized  responses  to  light  but  not  detailed  visual 
discrimination.  In  cats  auditory  conditioning  normally  involves  the  auditory 
cortex;  if  this  is  lacking  some  "learning"  occurs  at  the  level  of  the  inferior 
colliculus,  and  lacking  this  a  modified,  low  sensitivity  response  occurs  at 
even  lower  levels.^*^  The  dependence  on  specific  cortex  decreases  in  the 
order:  man,  monkey,  dog,  rabbit.  Startle  responses  to  sound  are  made  by 
cats  after  transection  at  the  level  of  the  superior  colliculus.  In  non-operated 
rats  startle  responses  to  sound  and  light  can  be  extinguished  by  repeating 
stimuli  at  intervals  of  many  seconds;  the  extinguished  response  can  be  dis- 
inhibited,  and  the  threshold  for  startle  responses  can  be  raised  by  simulta- 
neous shocks  to  the  feet. 

What  are  the  probable  loci  of  persistent  modifications  in  response?  In- 
tervals between  stimufi  are  so  great. that  sense  organ  responses  cannot  have 
been  altered.  It  is  possible  to  substitute  stimulation  anywhere  on  the  sensory 
pathwav  (spinal  cord,  sensory  cortex)  for  the  CS.  However,  no  conditioning 
occurs  if  the  motor  nerve  or  motor  cortex  is  stimulated  as  the  UnCS.-*^**  The 
motor  (mechanical)  response  need  not  be  made  during  conditioning;  the 
ventral  roots  to  the  leg  of  a  dog  were  cut  and  the  dog  conditioned  by  a 
sound  plus  shock  to  the  leg,   then  after  nerve  regeneration   the  muscular 
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response  occurred  to  the  CS  (sound).  Much  evidence  indicates  that  con- 
ditioning and  extinction  occur  not  in  sensory  or  motoneurones  but  rather  in 
interneurones. 

CONCLUSIONS 

Nervous  conduction  is  a  cellular  process  which  varies  little  among  different 
groups  of  animals.  High  speed  of  reaction  is  associated  with  long  fiber 
tracts,  large  fiber  diameter,  and  nerve  sheaths.  Thick  myelin  sheaths  and 
nodes  are  primarilv  \ertebrate  developments.  Syncytial  giant  fibers  evolved 
at  least  twice— with  cell  bodies  scattered  along  the  nervous  system  in  annelids 
and  crustaceans,  and  with  cell  bodies  grouped  in  single  ganglia  in  cephalopod 
molluscs.  Unicellular  giant  fibers  are  large  neurones,  and  they  grade  in  a 
series  into  small  fibers;  enlargement  of  neurones  has  occurred  many  times. 

Synapses  may  be  of  two  types,  relay  and  integrative.  Relay  synapses  are 
regions  of  redistribution,  are  usually  polarized,  but  do  not  require  facilitation. 
Polarization  appears  to  depend  on  convergence  of  axons;  in  non-polarized 
junctions  equal  surfaces  are  presented.  Integrative  synapses  make  incoming 
impulses  count  for  more  or  less  than  one  in  eliciting  outgoing  messages;  re- 
inforcement occurs  bv  facilitation  and  diminution  by  inhibition. 

The  correlation  between  chemical  and  electrical  events  of  synaptic 
transmission  is  not  clear,  but  limited  sampling  shows  synaptic  potentials 
followed  by  som.a  potentials  of  slower  time  course  than  axon  potentials. 
Most  of  the  distributional  properties  of  synapses  evolved  very  early.  In  the 
coelenterate  nerve  net,  for  example,  there  is  already  facilitation  in  such 
high  degree  that  it  determines  a  sort  of  polarity  at  junctions.  Central  antag- 
onism with  reciprocal  innervation  of  muscles  is  well  dex^eloped  in  annelids 
and  may  occur  in  lower  phyla.  FaciHtation  may  be  early  or  delayed;  early 
facilitation  represents  addition  of  converging  subliminal  impulses  and  gives 
the  time  course  of  decay  of  the  excitatory  process,  whereas  late  facilitation 
may  be  associated  with  convergence  via  delay-paths  or  with  after-negativity  of 
motoneurones.  Inhibition  also  may  be  direct  or  delayed:  direct  inhibition 
may  result  from  anelectrotonic  conduction  in  short  interneurones:  delayed 
inhibition  may  result  from  blocking  by  impulses  in  suitably  timed  delay-paths, 
or  from  after-positivity. 

Peripheral  conducting  svstems  or  subepidermal  networks  ha\'e  been  largely 
replaced  by  local  reflex  centers  for  activating  fast  muscles.  It  is  quite  possible 
that  the  subepidermal  plexus  in  the  earthworm  and  in  molluscan  feet  (but 
not  in  echinoderms)  is  even  now  vestigial.  In  most  phyla,  diffuse  networks 
for  the  control  of  visceral  musculature  persist. 

Among  invertebrates  central  nervous  and  neuromuscular  mechanisms  are 
closely  interconnected  in  evolution.  In  the  coelenterate  nerve  net  system 
there  is  little  distinction  as  to  whether  facilitation  is  neuroneural  or  neuro- 
muscular. Some  of  the  so-called  peripheral  conduction  in  worms  and  molluscs 
may  be  muscular.  In  arthropods  the  neuromuscular  junctions  with  multiple 
innervation,  facilitation,  and  inhibition  are  as  important  as  the  central  ner- 
vous system  in  gradation  of  movement.  (Ch.  16) 

As  one  passes  toward  the  most  specialized  groups— cephalopod  molluscs, 
insects  and  higher  crustaceans,  birds,  and  mamrjials— one  sees  increasing  ceph- 
alization  in  the  nervous  system.   The  sensory  basis  for  cephalization  is  clear, 


848  Comparative  Animal  Physiology 

the  intergrative  basis  is  less  so.  In  each  of  the  most  specialized  animal  groups 
are  regions  of  the  "brain"  which  are  not  sensory  centers  and  which  may  medi- 
ate no  direct  motor  response  when  stimulated— the  verticalis  complex  of  ceph- 
alopods,  "association  areas"  of  the  cerebral  cortex  of  mammals,  and  probably 
the  corpora  pedunculata  of  arthropods.  As  cephalization  proceeds  there  is  in- 
creasing control  of  one  level  of  the  nervous  system  by  another  level,  the 
cephalic   levels   usuallv   inhibiting   and   regulating   the   lower  motor  levels. 

All  integrative  nerAC  centers  which  have  been  examined  show  "spontan- 
eous" electrical  activity,  which  is  not  shown  in  distributing  or  sensory  cen- 
ters. The  integrative  centers  —  earthworm  ventral  ganglia,  goldfish  tectum, 
and  mammalian  cortex  —  show  true  conditioning. 

Both  phylogenetically  and  ontogenetically  two  trends  in  development  of 
nervous  systems  are  evident:  (1)  from  mass  reactions  to  restricted  compli- 
cated behavior  patterns,  and  (2)  from  fixed  rigidity  of  response  to  lability  of 
response.  The  movements  of  most  worms,  of  lower  fish,  and  of  early  embrvos 
of  all  animals  are  gross  total  patterns,  whereas  restricted  movements  appear 
as  locomotor  appendages  develop.  The  nervous  system  constantly  integrates 
the  behavior  of  each  animal  as  a  whole.  Neural  rigidity  implies  a  simple 
stimulus-response  system,  lability  requires  integrative  mechanisms.  In  the  ver- 
tebrate series  the  primitive  neuropile  may  show  some  lability,  but  as  the  series 
progresses  the  associative  regions  are  pushed  cephalad  and  increase  greatly 
in  amount.  New  regions  of  the  brain  take  o\'er  functions  ser\'ed  by  lower 
regions  in  less  specialized  and  less  versatile  vertebrates. 

In  a  survey  of  comparative  neurophysiology  one  is  impressed  by  how 
much  is  known  about  transmission  in  axons  and  across  synapses  and  how 
little  is  known  about  central  nervous  phenomena  that  persist  longer  than  a 
few  milliseconds.  There  are  many  examples  of  behavior  for  which  no  physio- 
logical mechanism  is  known.  Animals  such  as  arthropods  immediately 
alter  leg  coordination  when  one  appendage  is  interfered  with;  this  is  plas- 
ticity of  the  nervous  system.  In  other  animals,  particularly  in  amphibians,  the 
whole  spinal  cord  contains  some  means  of  "tuning"  a  specific  muscle-reson- 
ance of  the  nervous  system.  Locomotion  is  more  than  a  sequence  of  chain 
reHexes.  The  specific  behavior  associated  with  feeding,  mating,  nest-building, 
care  of  young,  etc.,  in  such  animals  as  insects,  fishes,  birds,  and  even  poly- 
chaete  worms,  is  unlearned  and  very  complex.  Modifiability  of  response  by 
repeated  or  by  associated  sensgry  stimulation  is  varied,  and  no  adequate 
classification  of  types  of  "conditioning"  exists.  Finally  learning,  abstract  rea- 
soning, and  in  man  the  evolution  of  speech  are  neural  phenomena  whose 
nature  remains  for  the  future  to  explain. 
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content  of  nervous  tissue,  792 
effect  on  melanophores  in  fish,  708 
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uricolytic  enzymes  in,  204,  205 

water  loss  in,  54 
Amphioxus,  gills  in,  215 
Amylase,  distribution  of,  170 
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Arrhenius  ft,  343 
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ions  in  body  fluids  in,  82,  83 

luminescence  in,  663 

motor  innervation  in,  596 

nerve  conduction  in,  784,  785 

nervous  regulation  of  heart  in,  559 

ocelli  in,  391 
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pH  of  digestive  organs,  152 
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proteinases  of,  161 
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tracheae  in,  222 
Ascaris,  osmotic  regulation  in,   17 
Ascidia  mentula,  osmotic  adjustment  in,  14 
Ascidians,  heart  in,  551 

ions  in  body  fluids  in,  83 

nervous  regulation  of  heart  in,  559 

oxygen  withdrawal  by,  252 
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Ascorbic  acid,   130 

Aspartic  acid,  structural  formula,  119 
Astacus,  blood  chloride  in,  86,  88 

breathing  movements  in,  263 

changes  in  body  fluids  in,  85 

electrocardiogram  from,  555 
Asterias,  osmotic  adjustment  in,  14 
Astigmatism,  395 
Atropine,  540 

action  of,  561 

effect  on  visceral  muscles,  606 

regulation  of  heart  and,  548 
Attagenas,  essential  amino  acids  for,  117 
Autotrophic  organisms,   113 
Avena,  carotenoids  in,  409 

Babak's  law,  683 

Bacteria,  thiamine  requirements  in,  123 

Balance,  ionic,  94 

water.    See  Water  balance. 
Balanoglossids,   peripheral  nervous  system 

in,  810 
Baldes-Hill    method    of    measurement    of 

osmotic  pressure,  8 
Barger's   method    of   measurement   of    os- 
motic pressure,  8 
Basal  metabolic  rate  in  homoiotherms,  370. 

See  also  Metabolism,  basal. 
Bats,  hearing  in,  491 
Bees,  body  temperature  in,  356 

brain  in,  817 

oxygen  consumption  in,  233,  234 

sensillum  placodeum  in,  457 
Beetles,  dietary  factors  of,  136 
Behavior,  development  of,  827 
Betaine,    chromatophores    in    cephalopods 

and,  690 


Bioluminescence,  660-676 
control  of,  671 
extracellular,  660 
functional  significance  of,  673 
intracellular,  660,  671 
mechanism  of,  667 
occurrence  of,  661 
physical  characteristics  of,  666 
Biotin,  128 

Birds,  androgens  in,  744 
body  temperatures  in,  362 
cerebellum  in,  832 
chemoreception  in,  456 
conditioned  responses  in,  845 
digestive  secretion  in,  156 
erythrocytes  in,  295 
forebrain  in,   836 
fovea  in,  401 

hemoglobin  content  in,  295 
kidney  in,  48,  58 
lungs  in,  221 
migration  in,  371 

hormones  and,  766 
nitrogen  excretion  in,   195,  200 
osmoregulation  in,  58 
phonoreception  in,  490 
respiratory  characteristics  of  blood,  307 
respiratory  control  in,  258 
respiratory  responses  in,  267 
seasonal  color  changes  in,  765 
temperature     regulation     in,     chemical 

mechanisms,  369 
uricolytic  enzymes  in,  204 
visual  field  in,  400 
Blacktongue,  127 
Bladder,  gas,  218 
Blind  spot,  396 
Blindness,  color,  437 
Blood,  ammonia  in,   187 

carbon  dioxide  content,  329,  330 
cells,  red.   See  Erythrocytes. 
circulation  of,  531-575 
concentration   of,   in   fresh-water   verte- 
brates, 52 
ions  in.    See  Ions,  inorganic. 
mammalian,  reactions  to  carbon  dioxide 

transport  in,  331 
oxygen  capacity  of,  306 
pigments,  oxygen  tension  and,  247.  See 

also  Pigments. 
pressure,  in  closed  systems,  534 

in  open  systems,   540 

measurement  and  regulation,  534 

values  in  various  animals,  538 
proteins  in,  concentration  in,  103,  104 

pigments  as,  334 

size  of,  105 
respiratory   characteristics  of   in  various 

animals,  307-309 
salinity  of.   See  Osyiwregulation. 
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Blood,  transport  by,  533 

types,  106 

vessels,  pulsating,  545 

volume,  533 

values  in  various  animals,  535 
Body  fluids.   See  Fluids,  hody. 
Body  temperatures  in  hibernation,  372 
in  homoiotherms,  362 
in  poikilotherms,  349,  351,  353,  358 
Bomhyx,  developmental  hormone  in,  735 
Boring  mechanisms  for  feeding,   146 
Bostrychidae,  wood  digestion  in,   172 
Bradycardia  during  diving,  260 
Brain,  functional  evolution  of,  828-841 

in  invertebrates,  816 

in  vertebrates,  829 
Branchial  tufts,  213,  214 
Breathing.   See  Respiration. 
Brightness  discrimination,  415 

explanation  of,  418 
Brine  shrimps,  osmoregulation  in,  32 
B-substance  in  amphibian  color  changes, 
704 

in  color  changes  in  fish,  709 
Buffering  in  invertebrates,  333 

in  lower  vertebrates,  332 
Bunsen-Roscoe  reciprocity  law,  406 
Busycon,  oxygen  transport  in,  328 

Calciferol,  132 

Calcium,    absorption    of,    in    postmolt    in 
crustaceans,  738 
functions  of,  97 
in  nerve  transmission,  795 
ions,  effects  on  hearts,  564,  565 
in  sea  water  and  body  fluids,  78 
in  tissues  and  body  fluids,  76 
ratios  of  concentration,  82 
Calocaris,  brain  in,  817 
Calories  produced  by  various  foods,  237 
Camharus,  molting  in,  738 

sinus  gland  in,  696 
Canals,  semicircular,  475,  517 
Cancer  pagurus,  body  fluids  in,  91 

osmoregulation  in,  24 
Carassius,  oxygen  consumption  in,  241 

spinal  reflexes  in,  824 
Carbohydrases,  specificity  of,   170 
Carbohydrates,  conversion  to  fat,  269 
digestion  of,   168-176 

age  and,  176 
metabolism  of,  hormonal  influences  in, 

757 
nature  of,  168 
oxygen    consumption    in   utilization   of, 

237 
speed  of  utilization  of,  237 
utilization  in  Protozoa,  114,  115 
Carbon  requirements,   114-115 
in  Protozoa,  113,  114 


Carbon  dioxide,  combining  power  of,  329, 
333 
dissociation  curve  of,  329 
effect    on    oxygen    dissociation,    311, 

313,  314,  315 
effect  on  respiratory  center,  255 
elimination  of  in  anaerobiosis,  273 
exchange    in     vertebrates,  212.     See 

also  Respiration. 
increase  in,   respiratory  responses  to, 

265 
tensions,  330 

tolerance  in  diving  manmials,  260 
transport  of,  329-334 

in  lower  vertebrates,  332 
reactions  in  mammalian  blood,  331 
Carbonic  anhydrase,  331 

distribution,  333 
Carbonyl-proteinases,   158 
Carboxyhemoglobin,  absorption  spectra  of, 

298,  299 
Carboxypeptidases,  159,  167 
Carcinus,  blood  ions  in,  87,  89 
muscle  responses  in,  594 
osmoregulation  in,  26 
respiratory  quotient  in,  277 
Cardiac  cycle,  543.    See  also  Heart. 
Carnivores,  digestive  enzymes  in,  178 
Carotene,  131,  132 
Carotenoids  in  vision,  408 
Cat,  muscle  in,  589 

nictitating  membrane  in,  591 
pacinian  corpuscle  in,  504 
Catelectrotonus,  780 
Caterpillars,  phonoreception  in,  498 
Catfish,  color  changes  in,  710 
Cathepsin,  distribution  of,  163 
Cathepsin  I,  158 
Cathepsin  II,  159 
Catocala,  tympanal  organs  of,  494 
Caudina,  ionic  regulation  in,  89 
osmotic  adjustment  in,  13 
salts  in  body  fluids  in,  85 
CBLH,  700 
CDH,  700 
CellCs),  giant  nerve,  786 

membrane,  electrical  phases  of,  778 
Cellular  physiology,  1 
Cellulase,  distribution  of,  171 
Cellulose,  digestion  of,  169,  171 
Central  excitatory  state,  803 

inhibitory  state,  803 
Centrostephanus     longispinus,     chromato- 

phores  in,  689 
Cephalic  dominance  in  invertebrates,  816 
Cephalopods,  blood  and  oxygen  capacity 
in,  304 
brain  in,  820 
chemoreception  in,  450 
chromatophores  in,  678,  690 
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Cephalopods,  ganglionic  reflexes  in,  815 

giant  hbers  in,  7b8 

luminescence  in,  662,  664 

nervous  regulation  ol:  heart  in,  558 

neuromuscular  transmission  in,  613 

oxygen  transport  in,  326 

oxygen  withdrawal  by,  252 

respiratory  control  in,  263 
Cerambycidae,  cellulose  digestion  in,  172 
Cerebellum,  functions  of,  831 
Cerebral  cortex,  areas  of,  839 

equipotentiality  of  function  in,  841 
in  mammals,  837 
motor  area,  840 
premotor  area,  840 
CES,  803 

Cestodes,  locomotion  in,  816 
Chaetopterus,  luminescence  in,  661,  662, 

663 
Chameleons,  color  changes  in,  714 
Chelonia,  nitrogen  excretion  in,  198 
Chemical   sense,    common,    sensitivity   of, 

459.   See  also  Chemoreception. 
Chemoreception,  447-470 

behavior  and,  448-457 

in  arthropods,  450 

in  invertebrates,  448 

in  vertebrates,  453 

intensity  discrimination  in,  465 

physiology  of,  457-468 
Chemoreceptors,  459 

activation  of,  465 

classification  of,  447 

contact,  448 

control  of  respiration  by,  255 

in  insects,  451 

in  vertebrates,  453 

sensitivity  of,  457 
Chemotrophic  organisms,   112 
Chiasma,  optic,  435 

Chick  embryo,  nitrogen  excretion  in,  200 
Chicken,  essential  amino  acids  for,  117 

metabolism  in,  232 
Chilomonas  Paramecium,   carbon   require- 
ments of,  114 
oxygen  consumption  in,  229 
thiamine  and,  123 
Chironomus,  hemoglobin  function  in,  321, 

322,  323 
Chitin,  170 

digestion  of,  173 
Chloride  ions  in  blood  in  relation  to  chlor- 
ide in  medium,  86 
in  sea  water  and  body  fluids,  78 
in  tissues  and  body  fluids,  76 
ratios  of  concentration,  82 
Chlorocruorin,  291,  293,  302,  303 

absorption  spectra,  300 

oxygen  transport  by,  326 
Cholecystokinin,  156,  763 


Cholesterol,  dietary  requirements,  134 
Choline,  129 

Chohnergic  regulation  of  heart,  546,  548, 
557 

systems  in  muscles,  608 
Cholinesterase  content  of   nervous   tissue, 
792 

in  electric  organs,  620 

types  of,  781,  782 
Chordates,  blood  pressure  in,  538 

exopeptidases  in,  167 

proteinases  of,  162 
Chordotonal  organs,  493,  494,  495 
Chromatophores  and  color  change,  677-724 

aneuronic,  707 

dineuronic,  707 

factors  aff^ecting,  684 

functional  organization  of,  688 

functional  significance  of,  715 

in  amphibians,  703 

in  annehds,  688 

in  cephalopods,  690 

in  crustaceans,  693 

in  echinoderms,  689 

in  fish,  706 

in  insects,  691 

in  reptiles,  712 

in  vertebrates,  703 

index  of,  682 

light  and,  684 

mononeuronic,  707 

structure  and  methods  of  action,   677- 
684 
Chromatophorotropins   in   central  nervous 
system  of  crustaceans,  700 

in  eyestalks  of  crustaceans,  694-699 
Chromatosomes,  711 
Chymotrypsin,  159 
Ciha,  640-653 

activity  of,  characteristics  of,  643 
environmental  factors  and,  649 
reversal  of,  645 
theories  of,  650 

as  feeding  mechanism,  145 

coordination  and  control  of,  646 

functions  of,  640 

metachronism  in,  646 

propulsion  of  food  by,  149 

responses  to  chemicals  by,  448 

structure  of,  642 
Ciliates,  conduction  in,  776 
Circulation,  531-575.    See  also  Blood  and 


Heart. 


367 


summary, 
CIS,  803 
Clam,  motor  innervation  in,  601 

photoreception  in,  406 
Clarias  lazera,  branchial  diverticula  in,  217 
Cnidoblast,  656 
Cnidocil,  656 
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Cochlea,  474 

structure  of,  475 
Coelenterates,  chemoreception  in,  449 
exopeptidases  in,  166 
fresh-water,  osmoregulation  in,  35 
ionic  regulation  in,  84 
ions  in  body  fluids  in,  82 
luminescence  in,  661 
nematocysts  of,  655 
nerve  nets  in,  808 
nitrogen  excretion  in,  192 
ocelli  in,  384 
oxygen  supply  of,  211 
pH  of  digestive  organs,  152 
proteinases  of,  160 
site  of  digestion  in,  150 
speed  of  nerve  conduction  in,  782,  783 
uricolytic  enzymes  in,  203 
Coelom,  533 
Coelomic  fluid,   protein  concentration  in, 

104 
Cold,  adaptation  to,  241 
metabolic  response  to,  369 
narcosis,  371 
receptors  for,  364 
Cold-blooded  animals.    See  Poikilotherms. 
Coleoptera,  gills  in,  215 
luminescence  in,  664 
Colliculus,  inferior,  834 

superior,  833 
Color  blindness,  437 

Color  change  and  chromatophores,  677-724 
diurnal  rhythms  and,  687 
factors  affecting,  684 
functional  significance  of,  715 
light  and,  684 
morphological,  683 
physiological,  678 

measurement  of,  682 
primary,  687 

seasonal,  hormonal  control,  765 
secondary,  685 
Color  vision,  436-440 
abnormal,  436 

"dominator-modulator"  theory  of,  439 
normal,  436 

peripheral  mechanism  of,  437 
phylogenetic  distribution  of,  404 
Coloration,  hormonal  control,  765 
Comparative  physiology,  defined,  1 
ecological  aspects,  3 
phylogenetic  aspects,  3 
Compound     eye     in     arthropods,     image 

formation  in,   389 
Conditioned    responses,     classification    of, 
842 
neural  basis  for,  843 
Conditioning,  levels  of,  842 

theories  of,  843 
Conduction  in  nerve  nets,  808 


Conduction,  non-nervous,  776 

nervous,  777-808 
speed  of,  782 

of  food,  147 

body  region  for,  149 
Contact  stimuli,  orientation  to,  507 
Contractile  vacuole.    See  Vacuole. 
Cooling,  lethal  effects,  343 
Coordination,  non-nervous,  776 
Copepods,  proteinases  in,  161 
Copper,  blood,  in  various  animals,  304 
Corpuscles,  pacinian,  adaptation  in,  511 
Corpus  allatiun,  734 

in  grasshopper,   fat  metabolism  and, 

759 
in    insects,   gonadotropic   activity   of, 
754 
Corpus  luteum,  development  of,  747 

progestin  production  by,  746 
Corpus  striatum,  835 
Cortex,    visual,    435.     See    also    Cerebral 

cortex. 
Corti,  organ  of,  475 
Cothurnia,  contractile  vacuole  in,  44 

osmoregulation  in,  42 
Crabs,  blood  concentrations  of,  22,  23,  24, 
25 

gills  in,  214 

kelp,    oxygen    consumption    and    body 
weight  of,  228 

motor  innervation  in,  597 

osmoregulation  in  both  hypertonic  and 
hypotonic  media,  27 
in  either  fresh  or  sea  water,  28 

respiratory  quotient  in,  277 

rock,  osmoregulation  in,  24 

shore,  osmoregulation  in,  26 

volume  changes  in  sea  water,  21 
Crago,  color  changes  in,  695,  700 
Crayfish,  breathing  movements  in,  263 

giant  fibers  in,  788 

kidney  of,  30 

molting  in,  738 

osmoregulation  in,   29 

oxygen  consumption  in,  239 
Creatine  as  muscle  phosphagen,  615 

excretion  of,  189 
Creatinine,  excretion  of,  189 
Crista,  517 
Cromofora,  677 
Crop,  functions  of,  147 
Crustaceans,  anaerobiosis  in,  273 

blood  and  oxygen  capacity  in,  304 

blood  pressure  in,  541 

blood  protein  in,  104 

breathing  movements  in,  263 

cardiac  pacemaker  in,  547 

chemoreception  in,  453 

chromatophores  in,  680,  693 

digestive  tract  muscles  in,  607 
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Crustaceans,  eye  in,  388 

fresh-water,  29 

giant  fibers  in,  788 

gills  in,  214 

ionic  concentration  in,  86 

male  hormone  in,  752 

marine,  29 

molting  in,  737 

motor  innervation  in,   596 

nervous  regulation  of  hearts  in,  558 

nitrogen  excretion  in,   191,  192 

osmoregulation  in,  20-33 

oxygen  consumption  in,  242 

oxygen  withdrawal  by,  251 

respiratory  mechanisms  in,  214 

respiratory  response  in,  265 

retinal  pigment  control  in,  764 

uricolytic  enzymes  in,  203 
Crystal  structure  of  hemoglobins,  105 
Ctenophores,  cholinergic  systems  in  mus- 
cles in,  611 

luminescence  in,  662 

statocyst  of,  514 
Cupula,  517 
Curare,  effect  on  muscle,  588 

neuromuscular  transmission  and,  612 
Cutaneous  sensation,  509.    See  also  Skin. 
Cyanea,  osmotic  adjustment  in,   14 
Cyanide  sensitivity  in  relation  to  oxygen 

consumption,  233 
Cyclostomes,  ions  in  body  fluids  in,  83 

kidney  in,  48 

osmoregulation  in,  51 

photosensitive  pigments  in,  412 
Cypridina,  luciferin  in,  668 
Cysticercus  tenuicollis,  osmoregulation  in, 

18 
Cystine,  structural  formula,   119 
Cystophora,     blood     changes     in     during 

diving,  260 
Cytochrome,  294 

absorption  spectrum  of,  300 

Daphnia,  eggs  of,  osmoregulation  in,  20 

hemoglobin  function  in,  323 
Dark    adaptation,    electrical    measurement 
of,  426 

in  Mya,  406 

kinetics  of,  415 

nerve  impulse  in,  432 
Deaminases,  distribution  of,  201 
Debt,  oxygen,  274 
Decibel,  472 

7-Dehydrocholesterol,  132 
Delay,  synaptic,  799 
Dendrocoelum,  osmoregulation  in,  35 

photoreception  in,  387 
Depth  perception,  401 
Desert,  water  balance  of  mammals  in,  60 
Desiccation,  prevention  of  in  insects,    56 


Desoxycorticosterone,  as  progestin,   746 

effect  on  water  and  salt  balance,  760 
Deuteranopia,  437 
Deutocerebrum,  818 
Diabetes,  effect  of  pituitary  on,  758 
Diencephalon,  functions  of,  834 
Diet,  restricted,  136.    See  also  Nutrition. 
Differentiation,     growth     and,     hormones 

and,   726-740 
Diffusion  constants  of  oxygen,  210 
Diffusion  lungs,  219 
Digestion,  body  region  for,  147 

correlation  with  feeding  habits,  178 

extracellular,  150 

fluids  of,  hydrogen  ion  concentration  of, 
151-155 
stimulation  of  secretion,  155 

hormones  and,  762 

intracellular,  150 

mechanical  factors  in,  147 

movement  of  food  mass  in,  149 

of  carbohydrates,  168-176 
age  and,  176 

of  fats,  176-178 

of  proteins,  157-168 

site  of,  150 
Digestive  tract.    See  Alimentary  tract. 
Dinitrophenol,  stimulation  of  oxygen  con- 
sumption by,  238 
Diopter,  definition,  395 
Dipeptidases,  159 

Dissociation  curve,  carbon  dioxide,  329 
Dissociation,  oxygen,  306 
Diurnal  rhythms,  color  change  and,  687 
Diving,  respiratory  mechanisms  in,  258 
Dixippus,  chromatophores  in,  680 

color  changes  in,  692 

metamorphosis  in,  734 
Dogfish,  nitrogen  excretion  in,  197 

spinal,  behavior  in,  822,  823 
Dogs,  olfactory  sense  in,  457 

spinal  reflexes  in,  826 

uric  acid  in,  205 
Donnan  equilibrium  in  ionic  regulation,  90 
Doris,  osmotic  adjustment  in,   12,   13 
Drosophila,  gene  hormones  in,  729 

variations    in    oxygen    consumption    in 
species  of,  235 
Drugs,  effects  on  hearts,  559 

effects  on  visceral  muscles,  606 
Duodenum,  hormones  of,  762 
Dytiscus    tnarginatus,    retinal    action    po- 
tentials of,  427 

Ear,  external,  473 
function  of,  477 
in  fish,  484 
inner,  474 
middle,  473 
morphology  of,  473 
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Earthworm,  brain  in,  817 

calciferous  glands  in,  97 

chemoreception  in,  450 

conditioned  responses  in,  844 

embryonic  behavior  in,  827 

epithelial  sense  organ  of,  504 

giant  fibers  in,  787 

heart  in,   545 

hemoglobin  function  in,  321 

nervous  system  in,  810 

nitrogen  excretion  in,  197 

osmoregulation  in,  36 
Echinochrome,  292,  293 
Echinoderms,  blood  pressure  in,  539,  542 

cholinergic  systems  in  muscles  in,  611, 
613 

chromatophores  in,  689 

exopeptidases  in,  167 

ions  in  body  fluids  in,  82 

light  sensitivity  in,  382 

nitrogen  excretion  in,  193 

osmotic  adjustment  in,  14 

oxygen  withdrawal  by,  252 

peripheral  nervous  system  in,  809 

pH  of  digestive  organs,  1 52 

protein  in  blood  in,  104 

proteinases  of,  162 

respiratory  papulae  in,  213 

site  of  digestion  in,  151 

uricolytic  enzymes  in,  203 
Echinus  esculentus,  body  fluids  in,  91 
Echiurids,  respiratory  pigments  in,  294 
Ecology,  comparative  physiology  and,  3 
Eel,  electric,  617,  619 

electrocardiogram  in,  553,  554 

melanophores  in,  710 

osmoregulation  in,  50 
Eisenia,  chemoreception  in,  450 

embryonic  behavior  in,  827 
Elasmobranchs,  body  fluids  in,  5 1 

digestive  secretion  in,  157 

ions  in  body  fluids  in,  83 

kidney  in,  48,  5 1 

luminescence  in,  665 

nitrogen  excretion  in,  197 

osmoregulation  in,  50 

spinal  reflexes  in,  823 

temperature  receptors  in,  350 
Electric  organs,  617-621 
Electrical  activity  of  optic  nerve,  428-435 
of  photoreceptors,  420 
diurnal  rhythms  in,  427 
Electrical  potential.    See  Potential. 
Electrical  stimulation  of  heart  muscle,  565 
Electrocardiogram,  553 
Electroencephalogram,  806,  807 
Electrophoresis,  protein  separation  by,  103 
Electrophorus,  electric  organs  of,  617,  619 
Electroplaxes,  617 
Electroretinogram,  422 


Eledone,  giant  fibers  in,  789 
Elements  essential  for  growth,  94 

trace,  94 
Embryos,  behavior  of,  827 
hemoglobin  in,  313,  320 
oxygen  consumption  in,  230 
Etnplectonema    kandai,    luminescence    in, 

663 
End-plate  potential,  588 
Endocrine  glands,   temperature   regulation 

and,  369 
Endocrine  mechanisms,  725-775 
general  considerations,  767 
Endocrine   tissues,   evolution  of,   769 
Endolymph,  475 
Endoparasites,  anaerobiosis  in,  273 

dietary  factors  of,  135 
Endopeptidases,  158 

Energy    conversion,    oxygen    requirements 
and,  268 
sources  of,  112 
Enterocrinin,  156 
Enterogastrone,  763 
Environment,  organism  and,  2 
Enzymes,  150,  151 

digestive,  correlation  with  food  habits, 

178 
in  carbohydrate  digestion,  168-176 
lipolytic,  176 

of  protein  degradation  products,  201 
proteolytic.    See  Proteases. 
uricolytic,  distribution  of,  203 
Ephemeridae,   gills  in,  215 

oxygen  consumption  in,  239,  245 
Ephestia,  linoleic  acid  deficiency  in,   133, 

134 
Epinephrine.    See  Adrenalin. 
Equilenin,  745 

Equilibrium,  nervous  control  of,  831 
Equilibrium  orientation  in  vertebrates,  520 
Equilibrium  reception,  514-527 
Equilibrium  receptors,  types  of,  514 
Equilin,  745 

Eriocheir,  blood  chloride  in,  88 
osmoregulation  in,  28 
salts  in  body  fluids  in,  85 
Erythrinus,  respiration  in,  256,  257 
Erythrocruorin.   See  Hemoglohin. 
Erythrocytes,  composition  of,  294 
numbers  of,  293,  295 
permeability  of,  109 
size  of,  293,  295 
Erythrommatin,  729 
Erythrophores,  681 

control  of  in  fish,  711 
Escrine,  558,  559 

eff'ect  on  nervous  systems,  794 
neuromuscular  transmission  and,  613 
Esophagus,  147 
Estivation,  371 
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Estradiol,  745 

structure  of,  743 
Estriol,  745 
Estrogens,  745 
Estrone,  745 
Euglena,  flagella  in,  642 
growth  in  amino  acids,  116 
photoreceptor  in,  383,  384,  385 
Euryhaline,  definition,  20 
Excretion,  chloride,  in  crayfish,  31 
fluid,  in  Amoeba,  41 
in  Paramecium,  43 
ionic,  92 
nitrogen,   187-208 

distribution  of  products,  190-200 
protein,  conclusions  on,  201 
salts,  in  marine  fish,  48 
sodium  chloride,  in  Carcinus,  26 
Exhalation,  254 
Exopeptidases,    159 
characteristics  of,  166 
distribution  of,  165 
Expiration,  254 
Eye,  adaptation  in,  397-405 

to  arrhythmic  activity,  397 
to  day-time  activity,  397 
to  media   and  substrate,  402 
to  night-time  activity,  398 
to  photic  quality,  404 
to  space  and  motion,  398 
appositional,  388,  390 
color  in  Drosophila,  729 
color  changes  and,  685 
compound,  in  arthropods,  387 

structure  of,  387 
in  molluscs,  384 
in  vertebrates,  393-405 
morphology  of,  393 
retina  in,  395 
movements,  401 

pigment  of,  hormonal  control  of,  763 
in  compound  eye,  diurnal  movements 
of,  388 
superpositional,     388,     390.      See     also 
Photoreceptors. 
Eyeshine,  398 
Eyestalk,  color  changes  and,  694 

effect  on  molting  in  crustaceans,  738 
retinal  pigment  hormone  in,  764 

Facilitation,  delayed,  801 

early,   801 

neuromuscular,  594 

synaptic,  800 
Fasciola  hepatica,  osmoregulation  in,  18 
Fat,  as  dietary  essential,  133 

digestion  of,   176-178 

metabolism    in    grasshopper,    hormones 
and,  759 


Fat,  oxygen  consumption  in  utilization  of, 
237 

synthesis  from  carbohydrate,  269 
Fatty  acids  in  diet,  133 
Feathers  in  temperature  regulation,  367 
Feces,  region  of  formation,  149 
Feeding  and  digestion,   144-186 

cilia  in,  641 

habits,    correlation    with    digestive    en- 
zymes,  178 

mechanisms,  144-147 
Female  hormones.   See  Estrogens. 
Female   reproductive   cycle,    endocrine   in- 
fluences on,  749 
Fibers,  nerve.    See  Nerve  fibers. 
Fibrinogen,  serum,  molecular  size,  105 
Field,  visual,  399 
Firefly,  664 

control  of  flashing  in,  672 
Fish,  acclimatization  in,  348 

ammonotelic,  197 

anadromous,  49 

blood  pressure  in,  537 

carbon  dioxide  content  of  blood  in,  330 

catadromous,  49 

chemoreception  in,  456 

chromatophores  in,  685,  686,  706 

color  changes  in,  715 

conditioned  responses  in,  845 

distribution  of  in  relation  to  respiratory 
pigments,  315 

eftc>-,.  ^L  ,.nyiuia  hormone  on,  759 

electric,  617 

erythrocytes  in,  296 

forebrain  in,  835 

fresh-water,   osmoregulation  in,   47 

gas  bladder  in,  218 

gills  in,  216 

heart  in,  544 

hemoglobin  content  in,  296,  315 

hormones  and  growth  in,  729 

kidney  in,  48 

luminescence  in,  665 

marine,  osmoregulation  in,  48 

nitrogen  excretion  in,  194,  197 

osmoregulation  in,  46-52 
in  eggs  of,  19 

oxygen  consumption  of,  239 

oxygen  dissociation  curves  of,  315 

oxygen  tension  in  relation  to  pH  in,  249 

oxygen  withdrawal  by,  252 

phonoreception  in,  484-488 

photosensitive  pigments  in,   412 

respiratory  characteristics  of  blood,  308 

respiratory  control  in,  257 

responses  to  hydrostatic  pressure,  509 

spinal  reflexes  in,  824 

temperature  receptors  in,  350 

ureotelic,  197 
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Fish,  uricolytic  enzymes  in,  204,  205 
vibration  sense  in,  507 
visual  field  in,  402 
Flagella,  640.    See  also  Cilia. 
Flagellates,  carbon  requirements  in,  114 
cellulose  digestion  in,  172 
photoreceptors  in,  383 
thiamine  requirements  in,  123 
Flatworms,  brain  in,  816 

cholinergic    neuromuscular    systems    in, 

614 
conditioned  responses  in,  844 
locomotion  in,  816 
nervous  system  in,  810 
ocelh  in,  384 
osmoregulation  in,  35 
Flavone  glycosides,  130 
Flicker  fusion  frequency,  415 

explanation  of,  418,  419 
Flight,  in  insects,  orientation  during,  523 
oxygen  consumption  during,  238 
respiration  during,  261 
respiratory  quotient  and,  276 
Fluid(s),  body,  before  and  after  dialysis 
against  sea  water,  90,  91 
circulation  of,  531-575 

summary,  567 
distribution  of  pigments  in,  290-293 
hydrogen  ion  concentration  of,  80,  81 
in  elasmobranchs,  51 
in  Pheretima  posthuma,  37 
ions  in,  75 

in  relation  to  external  media,  77 
responses  to  alterations  in  medium, 
84-90 
respiratory  functions  of,  290-340 
coelomic,  protein  concentration  in,   104 
digestive,  hydrogen  ion  concentration  of, 
151-155 
stimulation  of  secretion,  155 
mechanisms  for  ingesting,  146 
Fluid  balance,  maintenance  of,  endocrine 

influences,  760 
Fly,  olfactory  pit  in,  45 1 
Folic  acid,   128 
Follicle-stimulating    hormone,    741,    747, 

750 
Food,  digestion  of.  See  Digestion. 

inactive,    swallowing    mechanisms    for, 

146 
movement  in  alimentary  tract,  149 
orientation  to,  449 
particulate,     mechanisms     for     dealing 

with,  145 
retention  in  alimentary  tract,  149 
soluble,  absorption  of,  144 
vacuoles  in  protozoa,  150,  155 
Forebrain,  functions  of,  834 
Fovea  centralis,  396 
Freezing,  343 


Freezing  point,  measurement  of,  7 

sodivun  chloride  and,  7 
Frequency  discrimination  in  man,  478 
Frequency,  flicker  fusion,  415 
Frogs,  cerebellum  in,  832 

cutaneous  vs.  pulmonary  respiration  in, 
212 

digestive  secretion  in,  156 

forebrain  in,  836 

heart  in,  electrical  stimulation  of,  566 

kidney  in,  54,  55 

mechanoreception  in,  510 

muscle  in,  578,  588 

muscle  contractions  in,  593 

muscle  responses  in,  596 

optic  nerve  fibers  in,  430 

osmoregulation  in,  52 

phonoreception  in,  488 

respiratory  control  in,  257 

temperature  relations  of,  351 
FSH,  741,  747,  750 
Fructosidase,  /3-,  distribution  of,  175 
Fructosides,  169 
Fundulus,  color  changes  in,  707,  710 

eggs  of,  osmoregulation  in,  19 

lateral  line  nerve  responses  in,  507 

osmoregulation  in,  49 

xanthophores  in,  711 
Fur  in  temperature  regulation,  367,  368 

Galactogen,  748 
Galactosidases,  distribution  of,  175 
Galactosides,  169 
Gammarus,  blood  chloride  in,  87,  88 

oxygen  consimiption  in,  32 
Ganglia,  potentials  in,  797 
Gas  bladder,  218 

Gases,  partial  pressures  in  dry  air,  210 
Gastrin,  156,  762 
Gastrointestinal  hormones,  762 
Gastrointestinal  tract,  muscles  of,  605 
Gastropods,  blood  and  oxygen  capacity  in, 
304 

ganglionic  reflexes  in,  815 

nitrogen  excretion  in,  198 

oxygen  transport  in,  326 

oxygen  withdrawal  by,  251 
Geese,  respiratory  quotients  of,  276 
Gelation  in  amoebae,  636 
Gel-sol  ratio,  amoeboid  movement  and,  636 
Gene  hormones,  729 
Geotaxis,  515 

negative,  516 

positive,  515 
Giant  nerve  fiber  systems,  786 
Gills,  in  crustaceans,  214 

in  marine  fish,  49 

respiration  by,  213 
Girella,  temperature  reactions  in,  350 
Globulin,  serum,  molecular  size,  105 
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Glomerulus  in  amphibia,  54 

in  marine  fish,  48 
Glucose,  a  and  /3,  structure  of,   168 
Glucosidase,  /3-,  173 
Glucosidases,  distribution  of,  175 
Glucosides,   1 69 

Glutamic  acid,  structural  formula,  119 
Glycine,  structural  formula,   119 
Glycogen  as  energy  source,  269 

digestion  of,  169,  173 
Glycolysis,  268 

pathway  of,  270 
Glycosidases,   distribution   of,    174-176 
Glycosides,  classification  of,  169 
Goat,  oxygen  dissociation  curves  in,  320 
Goldfish,  acclimatization  of,  347,  348 

oxygen  consumption  in,  241 

spinal  reflexes  in,  824 
Gonadotropin,  chorionic,  741 
Gonadotropins,  741 
Gonads,  hormones  of,  742 
Grasshopper,  electrocardiogram  of,  556 

fat  metabolism  in,  hormones  and,  759 

respiration  in,  264 
Gravity,  orientation  to,  515 

receptors,  514 
Gregarines,  movement  in,  638 
Growth  and  differentiation,  hormones  and, 
726-740 

essential  salts  for,  94 

hormones  and,  in  vertebrates,  726 
Gryllus,  phonoreception  in,  498 
Guanine,  excretion  of,  189 
Guanophores,  control  of,  711 
Gunda  ulvae,  osmoregulation  in,  18 
Gustation.   See  Taste. 

Habitat,  oxygen  consumption  and,  239 

Hair  sensilla  as  phonoreceptors,  497 

Halteres,  523 

Hamsters,  hibernation  in,  372,  373 

Hare,  varying,  color  changes  in,  766 

Harmonics,  472 

Hearing,  place  theoiy  of,  479 

range  of,  478 

See  also  Phonoreception. 
HeartCs),  ampullar,  545 

chambered,  542 

cholinergic  mechanisms  in  regulation  of, 
546,  548 

cycle  in,  543 

direct  responses  of,  559-567 

effects  of  drugs  on,  559 

effects  of  salts  on,  562 

lymph,  551 

muscle,  effects  of  electrical  stimulation 
on,  565 

myogenic,  546 

nervous  regulation  of,  557 

neurogenic,  547 


Heart,  physiology  of,  542-559 

pulsating  vessel  type,  545 

rates,  552 

slowing  of,  in  diving,  260 

tubular,  544 

types  of,  542 
Heat,  adaptation  to,  241 

conductivity  of  water,  342 

lethal  effects  of,  346 

production  of,  241 
in  homojotherms,  370 

receptors  for,  364 
Helicorubin,  294 

absorption  spectrum  of,  300 
Helix,  electrocardiogram  from,  555 

muscle  action  potentials  from,   590 

osmoregulation  in,  36 
Helminths,  parasitic,  osmoregulation  in,  17 
Hemagglutinogens,  106 
Hematin  as  dietary  essential,  131 
Heme,  structural  formula  of,  297 
Hemerythrin,  291,  293,  302,  303 

absorption  spectrum  of,  300 

oxygen  transport  by,  325 
Hemicellulose,  digestion  of,  173 
Hemochromogens,  294 
Hemocoel,  531 
Hemocyanin,  292,  293,  303,  304 

absorption  spectra  of,  300 

buffering  capacity  of,  333 

dissociation  rates  of,  298 

oxygen  dissociation  curves  in  Limulus, 
328 

oxygen  transport  by,  326 
Hemoglobin,    absorption   spectra   of,   297, 
299 

chemical  composition,  294 

content  of  blood,  295 

crystal  structure  of,  105 

dissociation  rates  of,  298 

distribution  of,  290,  291 

in  diving  mammals,  259 

in  embryos,  313,  320 

in  invertebrates,  320 

molecular  size  of,  298 

oxygen  dissociation  curves  of,  306 

oxygen  tension  and,  248 

oxygen  transport  by,  306-325 

sedimentation  rates  of,  301 

tissue,  292 
Hemolysis,  time  required  for,  109 
Herbivores,  digestive  enzymes  in,  179 
Hering-Breuer  reflex,  254,  255 
Heterotherms,    temperature    relations    in, 

361 
Heterotrophic  organisms,  113 
Hibernation,  371 
Hippuric  acid,  excretion  of,  189 
Hirudinea,  osmoregulation  in,  36 
Histidine,  structural  formula,  119 
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Holocentrus,  erythrophores  in,  711 
Holometabolous  insects,  732 
Holothuria,  light  sensitivity  in,  382 
Homarus  vulgaris,  body  fluids  in,  91 
Homoiosmotic  animals,  14-20 

definition,  8 
Homoiothermism,  240-244 
Homoiothenns,  acclimatization  in,  348 

body  temperatures  in,  362 

development  of,  363 

lethal  temperatures  in,  362 

temperature  relations  in,  361-370 

variations  in,  361 
Homostrophic  reflex,  508 
Honeybee,  brain  in,  817 
HormoneCs),  bird  migration  and,  766 

carbohydrate  metabolism  and,  757 

Cn-f ,  730 

color  changes  in  crustaceans  and,  698 

coloration    and    seasonal    color    changes 
and,  765 

developmental,  in  insects,  733 

digestive,  156 

effects  on  water  and  salt  balance,  760 

follicle-stimulating,  741 

gastrointestinal  coordination  and,  762 

GD,  in  insects,  733 

gene,  729 

general  considerations,  767 

general    maintenance    and    metabolism 
and,  756-761 

gonadal,  742 

growth  and  differentiation  and,  726-740 

in  color  changes  in  fish,  709 

inhibitory,  733 

lactogenic,  748 

luteinizing,  741 

molt-inhibiting,  in  crustaceans,  739 

molting,  733 

Palaemonetes  lightening,  698 

pigment-cell  activities  and,  763-766 

pituitary,    affecting    color    changes    in 
amphibians,  704 

pupation,  735 

retinal  pigment,   764 

sex  and  reproduction  and,  740-756 

specificity  in,  768 

V+,729 
Horseshoe  crab.  See  Limulus. 
Humidity,  effect  on  color  change,  684 

effect  on  water  balance  in  insects,  56,  57 

receptors  in  insects,  57 

sensitivity  to  in  insects,  453 
Hydra,  osmoregulation  in,  35 
Hydrogen     ion    concentration,     amoeboid 
movement  and,  636 
effect  on  ciliary  activity,  649 
effect  on  oxygen  tension,  315 
minimum  oxygen  tension  and,  249 
of  body  fluids,  80,  81 


Hydrogen   ion   concentration   of   digestive 

fluids,  151-155 
Hydrostatic  pressure,  responses  to,  509 
Hydroxyproline,  structural  formula,  119 
Hymenoptera,  body  temperature  in,  355 
Hypermetropia,  395 
Hypertensin,  761 
Hypertensinogen,  761 
Hypertonicity,  definition,  6 
Hypophysis.   See  Pituitary. 
Hypothalamus,     effect     on     reproductive 
cycle,  751 

functions  of,  834 
Hypotonicity,  definition,  6 

Illumination,     intensity     of,     and    fre- 
quency of  nerve  impulse  discharge,  432. 

See  also  Light. 
Image,  apposition,  390,  392 

formation  in  compound  eye,  389 

mosaic,  391 

superposition,  390,  392 
Imido-proteinase,  159 
Immunological  specificity  of  proteins,  105 
Incus,  473 

Inhibition  in  nerve  transmission,  803 
Inorganic  ions,  75-102 
Inositol,  130 
Insects,  aquatic,  osmoregulation  in,  33 

blood  pressure  in,   541 

blood  proteins  in,   104 

body  temperature  of,  353 

chemoreception  in,  450 
behavior  and,  452 

chemoreceptors  in,  451 

cholesterol  requirements  in,  134 

chromatophores  in,  680,  691 

digestive  tract  muscles  in,  607 

eye  in,  387,  388,  390,  391 

fat  digestion  in,  177 

flying,  orientation  in,  523 

ganglionic  reflexes  in,  814 

gills  in,  215 

gonadotropic  hormones  in,  754 

heart  in,  551 

heat  absorption  in,  356 

hemimetabolous,  732 

holometabolous,  732 

humidity  sensitivity  in,  453 

ionic  concentration  in,  77 

leg  movements  in,  814 

luminescence  in,  663 

metabolic  heat  in,  355 

molt,   pupation  and  metamorphosis  in, 
732 

motor  innervation  in,  601 

nitrogen  excretion  in,  194,  199 

nitrogen  requirements,  120 

olfaction  in,  461 

osmoregulation  in,  55 
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Insects,  oxygen  consumption  in,  233 
during  flight,  238 
phonoreception  in,  492-499 
respiration  in,  264 
respiratory  responses  in,  266 
restricted  diets  in,  136 
temperature  "sense"  in,  357 
thermoreception  in,  358 
tracheae  in,  223 
tynipaiiiC   oigans   in,   function,   495 

morphology,  493 
uricolytic  enzymes  in,  204,  205 
vitamin  requirements  of,  125 
wood,  nutrition  of,  172 
Inspiration,  254 

InsuHn,  efEect  on  carbohydrate  metabolism, 
757 
growth  and,  727 
Integument,     as    respiratory     mechanism, 

211.  See  also  Skin. 
Intensity  of  sound,  discrimination  of,  482 
Intestines,  respiration  through,  218 
Invertase,  174 

Invertebrates,  anaerobiosis  in,  273 
blood  pressure  in,  540 
buffering  in,  333 

carbon  dioxide  content  of  blood  in,  330 
cephalic  dominance  in,  816 
cheraoreception  in,  448 
ganglionic  function  in,  812 
gonadotropic  hormonal  activity  in,  754 
hemoglobin  function  in,  320 
hormones  in,  growth  and  729 
metabolism  and,  759 
secondary   and  accessory  sex  charac- 
ters and,  752 
ions  in  body  fluids  in,  78 
marine,  nitrogen  excretion  in,  191,  192 
muscles  in,  583 

optic  nerve  discharge  patterns  in,  430 
pH  of  digestive  fluids  in,  154 
respiratory   characteristics   of  blood    of, 

308 
secretion  of  digestive  fluids  in,   157 
serological  relations  among,  107 
site  of  digestion  in,  150 
See  also  Annelids,  Arthwpods,  Coelen- 
terates,  etc. 
Iodine,  permeability  to,  in  crabs,  24,  25 
lodopsin,  395,  397,  411 
Ionic  regulation,  80-84 

active  absorption  and,  91 

excretion  and,  92 

mechanisms  of,  90-94 

physical  factors  in,  90 

responses   to   alterations   in  medium, 

84-90 
summary  of,  97 
Ions,  inorganic,  75-102 
balance  of,  94 


Ions,  inorganic,  concentration  in  urine  and 
plasma,  93 
in  sea  water  and  body  fluids,  78 
in  tissues  and  body  fluids,  75 
ratios  of  concentration,  82 
See  also  specific  substances. 
Iridocytes,  681 
Iridosomes,  711 

Iris  cells,  primary  and  secondary,  388 
Iron  content  of  hemoglobin,  296 
Isoleucine,  structural  formula,  118 
Isopods,  oxygen  consumption  in,  239 
respiratory  mechanisms  in,  215 
water  loss  in,  57 
Isotonicity,  definition,  6 

Jellyfish,  muscle  responses  in,  595 

osmotic  adjustment  in,  14 
Johnston's  organ,  509 

Kidney,  amphibian,  54 

effect  on  blood  pressure,  761 

in  birds,  58 

in  crayfish,  30 

in  elasmobranchs,  51 

in  fresh-water  fish,  47 

in  mariile  fish,  48 

in  molluscs,  36 

in  vertebrates,  48 
Killifish,  49 
Kinesis,  381 
KHnokinesis,  387,  449 
Klinotaxis,  383,  385,  449 
Krause,  bulbs  of,  364 
Krebs  cycle,  188 

Krogh's    method    of    measurement   of   os- 
motic pressure,  8 
Kynurenin,  730 

Laby'rinth  in  vertebrates,  483 
functions  of,  516 
osseous,  474 

Labyrinthectomy,  effects  of,  520 

Lactation,  748 

Lactic  acid  tolerance  in  diving  mammals, 
260 

Lactogens,  748 

Lagena,  483 

Lakes,  salt,  osmoregulation  to  life  in,  32 

Lateral  line  organs,  486,  507 

Leander,  giant  fibers  in,  788 
gonadotropic  hormone  in,  754 

Learning,   843.    See  also  Conditioned  re- 
sponses. 

Leech,  chromatophores  in,  688 
osmoregulation  in,  36 

Leg  movements  in  insects,  814 

Lemaecocera  hranchialis,  blood  in,  22 

Lepidoptera,   developmental  hormones  in, 
735 
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Lepus,  color  changes  in,  766 
Leucine,  structural  formula,  118 
Leucophores,  control  of,  711 
Leucylpeptidase,  167 
LH,  741,  747,  750 
Lichenin,  digestion  of,  173 
Light,  animal,  intensity  of,  666 

physical  characteristics  of,  666 
wave  lengths  of,  666 

cells,  383 

compass  reaction,  393 

effect  on  color  change,  684 

effect  on  reproductive  cycles,  750 

intensity,    magnitude   of   retinal    action 
potential  and,  425 

orientation  to,  381 

production  of.   See  Bioluminescence. 

protection  from,  color  change  and,  716 

reaction,  dorsal,  393 

sensitivity  to,  381-446 
diffuse,  381 
localized,  383 

See  also  Photoreception. 
Ligia,  melanophore  changes  in,  702,  703 
Limnaea,  osmoregulation  in,  20,  36 
Litnnophilus,  larvae  of,  35 
Limulus,  dark  adaptation  in,  432 

electrocardiogram  of,  556 

electroretinogram  in,  422 

heart  in,  544,  547 

electrical  stimulation  of,  566 

optic  nerve  fibers  in,  429,  430,  431 

optic  nerve  impulses  in,  428 

osmoregulation  in,  26 

oxygen  transport  in,  326,  327,  328 
Linoleic  acid  deficiency  in  Ephestia,  133 
Lipases,  176 
Lipophores,  681 

Littorina,  reproductive  cycle  in,  752 
Lizards,  nitrogen  excretion  in,  200 
Lobster,  effect  of  acetylchohne  on  heart  of, 

560 
Locomotion,  amoeboid,  630,  632 

ciliary,  640 

in  invertebrates,  reflex  control  of,  812 

in  vertebrates,   spinal  reflex  control  of, 
821-827 

peripheral  vs.  central  control  of,  809 
Locusta  migratoria,  color  change  in,  691 
Loligo,  giant  fibers  in,  789 

oxygen  consumption  in,  233 
Luciferase,  667 
Luciferin,  667 

absorption  spectrum  of,  669,  670 
Lucilia  sericata,  haltere  of,  524 
Lumbricus,  hemoglobin  function  in,   321, 
322 

light  sensitivity  in,  383 
nervous  system  in,  811 

osmoregulation  in,  36,  37 


Lumbricus.    See  also  Earthworm. 
Luminescence,  660-676.   See  also  Biolumi- 
nescence. 

extracellular,  671 
Lungfish,  nitrogen  excretion  in,  197 
Lungs,  217-222 

diffusion,  219 

in  diving  mammals,  259 

respiration  by,  212 

ventilation,  220 

water-,  217 
Luteinizing  hormone,   741,  747,  750 
Luteo tropin,  750 
Lyctidae,  wood  digestion  in,  172 
Lymph  hearts,  551 
Lysine,  structural  formula,  118 

Magnesium  ions,  effects  on  hearts,  564, 
565 
in  sea  water  and  body  fluids,  78 
in  tissues  and  body  fluids,  76 
ratios  of  concentration,  82 
Maja,  volume  changes  in  sea  water  in,  21 
Male  hormones.   See  Androgens. 
Male  reproductive  cycle,  endocrine  influ- 
ences on,  749 
Malleus,  473 

Maltase,  distribution  of,  174 
Mammals,  acclimatization  in,  348 

blood  of,  reactions  to  carbon  dioxide  in, 

331 
body  temperatures  in,  362 
cerebellum  in,  832 
chemoreception  in,  457 
conditioned  responses  in,  846 
cortical  function  in,  837 
digestive  secretion  in,  156 
diving,  duration  of  dives  in,  258 
embryonic^     oxygen     consiunption     in, 

230 
erythrocytes  in,  295 
fat  digestion  in,   178 
hemoglobin  content  in,  295 
hibernation  in,  371 
hormones  and  growth  in,  726 
kidney  in,  48 
lactation  in,  748 
lungs  in,  220 

marine,  blood  and  urine  concentrations 
in,  62 
osmoregulation  in,  60 
neocortex  in,  841 
nerve  conduction  in,  784 
nitrogen  excretion  in,  196 
nitrogen  requirements  of,  121 
osmoregulation  in,  58-62 
pH  of  digestive  fluids  in,  154 
phonoreception  in,  491 
respiratory    characteristics   of   blood   of, 
307 


Index 


877 


Mammals,  respiratory  control  in,  257 

seasonal  color  change  in,  766 

skeletal  muscle  of,  nerve  endings  in,  505 

small,  oxygen  consumption  of,  226,  227 

spinal  reflexes  in,  826 

temperature      regulation      in,      physical 
mechanisms  in,  366 

urea  excretion  in,   198 

uricolytic  enzymes  in,  204,  205 
Man,  amino  acid  requirements  for,  121 

carbon    dioxide    combining    power    in, 
329,  330 

electrocardiograms  in,  553 

essential  amino  acids  for,  117 

eye  in,  393 

olfaction  in,  454,  459 

phonoreception  in,  473-483 
range,  478 

requirement  of  linoleic  acid  in,  134 

spinal  reflexes  in,  826 

taste  sense  in,  455 

thermoreception  in,  364 

See  also  Mammals. 
Mantis,  praying,  brain  in,  820 
Mating,  color  change  and,  716 

luminescence  and,  673 
Mechanoreception,  502-514 
Mechanoreceptors,  adaptation  of,  510 

histological  types,  503 
Medulla  oblongata,  functions  of,  830 
Melanin  as  retinal  pigment,  764 
Melanophores,   681.    See  also   Chromato- 
phores. 

in  fish,  706 

in  reptiles,  712 
Melanotus,  oxygen  consumption  in,  243 
Membrane,  basilar,  475 

cell,  electrical  phases  of,  778 

permeability  in  Protozoa,  39.    See  also 
Permeability. 

Reissner's,  475 

tympanic,  473 
Mesidotea,  blood  chloride  in,  86,  87 

osmoregulation  in,  26 
Mesotrophic  organisms,  113 
Metabolism,  adaptations  in,  268-277 

and  respiration,  209-289 

basal,  in  arthropods,  hormones  and,  759 
in  temperature  regulation,  369 

intermediary,  hormones  and,  756 

See  also  Oxygen  consumption. 
Metachronism  of  cilia,  646 
Metamorphosis   in   amphibians,   hormones 
and,  728 

in  insects,  732 
Metatrophic  organisms,  113 
Methemoglobin,  absorption  spectra  of,  298, 

299 
Methionine,  structural  formula,  119 
Microphonic  effect  of  cochlea,  477 


Midbrain,  functions  of,  833 
Migration,  371 

hormones  and,  766 
Modiolus,  475 

Molds,  thiamine  requirements  in,  123 
Molgula,  osmotic  adjustment  in,  14 
Molluscs,  anaerobiosis  in,  273 

blood  pressure  in,  539 

blood  protein  in,  104 

chemoreception  in,  449 

cholinergic  systems  in  muscles  in,  610 

conditioned  responses  in,  844 

exopeptidases  in,  166 

fat  digestion  in,  177 

fresh-water  osmoregulation  in,  35 

function  of  shell  in,  97 

ganglionic  reflexes  in,  815 

giant  fibers  in,  788 

heart  in,  544,  546 

ions  in  body  fluids  in,  82 

light  sensitivity  in,  383 

luminescence  in,  664 

nerve  conduction  in,  784,  785 

nervous  regulation  of  heart  in,  558 

nervous  system  in,  812 

neuromuscular  transmission  in,  613 

nitrogen  excretion  in,  191,  193 

osmotic  adjustment  in,  12 

oxygen  transport  in,  326 

pH  of  digestive  organs,  152 

photoreception  in,  383,  384 

proteinases  of,  160 

respiratory  control  in,  263 

respiratory  mechanisms  in,  214 

respiratory  responses  in,  265 

site  of  digestion  in,  151 

uricolytic  enzymes  in,  203,  204,  205 
Molpadin,  293 

absorption  spectrum  of,  300 
Molt  in  crustaceans,  737 

in  insects,  732 

seasonal,  hormonal  control,  765 
Monas,  flagellum  in,  644,  645 
Mosaic  image,  391 

Mosquito,    larvae    of.    ionic   concentration 
in,  88 

osmoregulation  in,  33 
Mouse,  oxygen  consumption  of,  227,  248 
Mouth,  147 

Movement,  amoeboid,  630-639.    See  also 
Amoeboid  movement. 

ciliary,  640-653 

characteristics  of,  643 
theories  of,  650 

in  gregarines,  638 

perception  of,  402 
Mucus,  as  feeding  mechanism,  145 
Muscarine,  561 
Muscle(s),  576-629 

cholinergic  systems  in,  608 
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MuscleCs),  classification  of,  576 
conduction  in,  584,  587 
contraction  time,  584,  586 
electron  microscopy  of,  577 
fast  and  slow  responses  in,  597 
fibers,  types  of,  581,  582 
frequency  of  stimulation  of,  592 
gross  functions  of,  576 
heart,    effects    of    electrical    stimulation 

on,  565 
hemoglobin  in,  292 
histological  types,  580 
inhibition  in  action  of,  805 
innervation,  multiple,  595 

inhibition  by,  597 
iterative,  592 

microscopic  histology  of,  578 
non-iterative,  592 
origin  of  cardiac  beat  in,  546 
phosphagens  of,  distribution  of,  615 
propulsion  of  food  by,  149 
red,  582 

relaxation  rates  of,  584,  586,  601 
repetitive  excitation  in,  592 
rhythmic  activity  in,  605 
sense  receptors,  adaptation  in,  512 
smooth,  conduction  in,  590 
striations  in,   578 
summary,  621 
time  constants  of,  584,  586 
time  relations  of,  577 

histological  correlations,  577 
tonus  of,  601 
transmission    of    impulse    to,    chemical 

agents  in,  608-614 
use  of  in  feeding,  145 
visceral,  effect  of  drugs  on,  606 
viscosity  of,  602 
white,  582 
Mussel,  electrocardiogram  from,  555.    See 

also  Mytilus. 
Mya,  motor  innervation  in,  601 

photoreception  in,  406 
Myelination  of  nerve  fibers,  speed  of  con- 
duction and,  785 
Myoglobin,  292 

absorption  spectra  of,  298 
Myopia,  395 
Myosin,  578 

Myoxocephahis,  chloride  excretion  in,  94 
Mytilus,  blood  chloride  in,  88 
cilium  in,  644 
muscle  relaxation  in,  603 
osmotic  adjustment  in,  12,  13 

Naphthoquinone,  methyl  phytyl,  132 
Neanthes  virens,  osmotic  regulation  in,  17 
Necturus,  kidney  in,  54 
Nematocyte,  656 
Nematocysts,  655-658 


Nemertea,  oxygen  supply  of,  211 
Neocortex,  835 

Neoechinorhynchiis     imydis,     osmoregula- 
tion in,  18 
Nephridia  in  earthworm,  37 
Nephron,  vertebrate,  schematic  representa- 
tion, 48 
Nereis,  brain  in,  817 

osmoregulation  in,  14,  15,  16,  17,  18 
peristaltic  locomotion  in,  813 
Nereis  cultrifera,  osmotic  adjustment  in,  12 
Nereis    diversicolor,    hemoglobin   function 

in,  322 
Nereis  pelagica,  osmotic  adjustment  in,  12 
Nerophis,  osmoregulation  in  embryo  of,  19 
NerveCs),  control  of  respiration  by,  254 
control  of  thermostimulation  by,  365 
motor,  muscular  conduction  and,  587 
optic.   See  Optic  nerve. 
regulation  of  hearts  by,  557 
stimulation  of  secretion  of  fluids  by,  156 
transmission  of  hearing  impulse  by,  480 
transmission  to  muscle,  chemical  agents 
in,  608,  614 
Nerve  action  potentials,  ionic  basis  of,  780 
Nerve   centers,   "spontaneous"   activity  of, 
805 
asynchronous,  806 
synchronous,  807 
Nerve  fibers,  diameter  of,  speed  and,  782 
electrical  phases  in,  778 
giant,  786 

length  of,  speed  and,  782 
myelotropic,  785 
nodes  in,  786 

sheath  of,  speed  and,  784,  785 
speed  of  conduction  in,  782 
Nerve  impulse,  auditory,  477 
nature  of,  777-781 
in  photoreception,  428 
Nerve  nets,  808 

Nervous   conduction,   interneuronic   trans- 
mission in,  789 
Nervous  systems,  776-862 
conduction  in,  777-808 

speed  of,  782 
development  of,  848 
endocrine  activity'  of,  768 
peripheral  vs.  central,  809 
persistent  phenomena  in,  841-847 
rhythmic  activity  in,  806,  807 
summary. of,  847 
Nervous  tissue,   acetylcholine  and  cholin- 

esterase  content,  792 
Nets,  nerve,  808 
Neuromuscular  facilitation,  594 
Neuromuscular  junctions,  587 
Neuromuscular      transmission,      chemical 

agents  in,  608-614 
Neurones,  contiguity  between,  789 
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Neurones,  sensory,  454,  455 

soma  of,  responses  in,  798 

transmission  between,  789 
polarity  in,  790 
Neurosecretory  cells,  768 
Niacin,  requirements  of,  126 
Nicotine,  action  of  on  heart,  561 
Nicotinic  acid.   See  Niacin. 
Nitrogen,  content  of,  in  relation  to  metab- 
olic rate,  229 

excretion  of,   187-208 

distribution  of  products,  190-200 
protein,  conclusions  on,  201 

requirements  of,  115-122 

sources  of,  113 
Nitrogenous  products,  chemical  nature  of, 

187-190 
Noctiltica,  10 

bioluminescence  in,  661 
Nocturnal  activity,  eye  adaptation  to,  398 
Nucleic  acid  metabolism,  products  of,  189, 

203 
Nutrition,  112-143 

oxygen  consumption  and,  236 

specific  factors  in,  122-136 

summary  of,  136 

unknown  factors  in,  135 
Nymphs,  metamorphosis  of,  732 
Nystagmus,  522 

Ocean,  salinity  of,  9.   See  also  Sea  water. 
Ocelli  in  arthropods,  391 

in  flagellates,  383 
Octopine,  617 

Octopus,  electrocardiogram  in,  554 
Oculomotor  nucleus,  facilitation  in,  801 
Odonata,  gills  in,  215 
Odor,  chemical  structure  and,  466 
classification  of,  460 
receptors  for.  See  Olfaction  and  Chemo- 
receptors. 
Olfaction,  receptors  for,  451,  453,  459 
activation  of,  465 
in  insects,  450 
sensitivity  of,  457 
thresholds  of,  458 
See  also  Chemorecevtion. 
Oligochaeta,  osmoregulation  in,  36 
Ommatidia,  763,  764 

in  compound  eye,  387,  389,  390 
Onchidium,  osmotic  adjustment  in,  12,  13 
Opalinidae,  water  entrance  in,  43 
Ophiuroidea,  luminescence  in,  664 
Ophryoscolecidae,  water  intake  in,  44 
Opossum,  body  temperature  in,  363,  364 
Optic  nerve  activity',  retinal  activitv  and, 
433 
discharge,     measurement     of     visual 
functions  by,  431 


Optic  nerve,  electrical  activity  of,  428-435 
Orange,  transient,  411 
Organ  of  Corti,  475 

Orientation,  equilibrium,  in  vertebrates,  520 
in  flying  insects,  523 
photoreceptors  and,  381-405 

in  arthropods,  393 
to  gravity,  5 1 5 
Ornithine  cycle,   188 

phylogeny  of,  201 
Ornithorhynchtis,  motor  cortex  in,  837 
Ornithuric  acid,  excretion  of,  189 
Orthokinesis,  449 

Orthoptera,  phonoreception  in,  498,  499 
Osmoregulation,  8,  14-20 
by  exclusion  of  water,  19 
by  storage  of  water,   18 
in  Crustacea,  20-33 
in  fish,  46-52 
in  land  arthropods,  55 
in  reptiles,  birds,  and  mammals,  58-62 
simple  types,  14 
summary  of  conclusions,  62-66 
Osmotic    behavior,    nitrogen    excretion    in 

relation  to,  201 
Osmotic  characteristics  of  various  animals, 

63 
Osmotic  concentration,  adjustment  to  me- 
dium, 10-14 
with  volume  regulation,   13 
without  volume  regulation,  10 
of  cytoplasm  of  Protoza,  39 
regulation  to  medium,  14-20 
water  content  of  tissues  and,  8 
Osmotic  pressure,  definition,  6 
methods  of  measuring,  8 
Osmotic   regulation.    See   Osmoregulation. 
Ossicles,  Weberian,  486 
Ostariophysina,  phonoreception  in,  486 
Osteichthyes,  respiratory  responses  in,  266 
Ovary,  androgen  production  by,  744 
effect  of  gonadotropins  on,  741 
estrogen  production  by,  745 
Ovulation,  gonadotropins  and,  741 
Oxidation,  sources  of,  268 
Oxygen,  availability  of,  efFects  of,  209 
capacity,  306 

altitude  and,  316 
consumption,  activity  and,  237 
age  and,  228 
cihary  activity  and,  651 
dependence  on  oxygen  tension,  244 
determination  of,  224 
habitat  and,  239 
in  Gammarus,  32 
in  hibernation,  372 
levels  of,  223-244 
nutrition  and,  236 
relation  to  oxygen  tension,  244-254 
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Oxygen  consumption,  season  and,  240 
sex  and,  235 
size  and,  225 
species  and,  235 
temperature  and,  240 
debt,  274 

deficiency.    See  Anaerobiosis. 
diffusion  as  means  of  supply  of,  211 
diffusion  constants  of,  210 
dissociation  curve,  306 
altitude  and,  313 
effect  of  carbon  dioxide  on,   311, 

313,  314,  315 
effect  of  temperature  changes  on, 

312 
in  embryos,  313,  320 
in  relation   to  distribution  of  am- 
phibians and  fishes,  314 
rates,  297,  298 
exchange  in  vertebrates,  212.    See  also 

Respiration. 
lack,  adaptation  to,  252 
requirements  of,  energy  conversion  and, 

268 
saturation,  critical  oxygen  tension  and, 

250 
solubility  in  biological  fluids,  210 
storage  in  diving  mammals,  259 
supply,  low,  adaptation  to,  252 
tension,  blood  pigments  and,  247 
critical,  246 

size  and  age  and,  250 
tissue  oxygen  saturation  and,  250 
for  half  saturation,  effect  of  CO2  on, 

315 
minimum,  pH  and,  249 
relation  to  oxygen  consumption,  244- 

254 
respiratory  quotient  and,  275 
temperature  and,  248,  317,  318,  319 
transport  by  blood  pigments,  306-329 
by  hemoglobin,  306 
hemerythrins  in,  325 
in  invertebrates,  320 
utilization  in  anaerobiosis,  272 
want,  respiratory  responses  to,  265 
withdrawal,  250 
Oxyhemoglobin,     absorption     spectra     of, 

298,  299 
Oyster,  respiratory  control  in,  263 

Pacemakers,  cardiac,  545 

Pacinian  corpuscles,  adaptation  in,  511 

Pain  impulses,  513 

Palaemonetes,  chromatophores  in,  679 

color  changes  in,  697,  698 
Paleocortex,  835 
Pancreozymin,  762 
Panting,  367 
Pantothenic  acid,  127 


Papillae,  anal,  in  mosquito,  33,  34 

tongue,  in  man,  455 
Para-aminobenzoic  acid,  130 
Parallax,  401 
Paramecium,  chemoreception  in,  448 

cilium  in,  642,  643 

contractile  vacuole  in,  44 

oxygen  deficiency  and,  253 

trichocysts  in,  655 

vacuolar  excretion  of  fluid  in,  43 
Paramyosin,  578 

Parasites,  intestinal,  osmoregulation  in,  17 
Parathyroid  glands,  effect  on  calcivmi  and 

phosphate  balance,  760 
Particles,     food,     large,     mechanisms     for 
dealing  with,  146 
small,  mechanisms  for  dealing  with, 
145 
Pattern    vision,     localized    photoreceptors 

and,  387 
Pecten,  adductor  muscle  in,  604 

optic  nerve  fibers  in,  431 
Pectin,  digestion  of,  173 
Pelecypoda,  oxygen  withdrawal  by,  251 
Pellagra,  127 
Pepsm,  158 

distribution  of,  165 
Peptidase.   See  Exopeptidases. 
Perception,  depth  and  solidity,  401 

movement,  402 
Perch,  swim  bladder  in,  218,  220 
Perilymph,  475 

Peripheral  control  of  locomotion,  809 
Peristalsis  in  annelids,  813 
Periwinkle,  reproductive  cycle  in,  752 
PermeabiHty,  in  Protozoa,  39 

of  erythrocytes,  109 

to  water  and  salts,  in  rock  crabs,  24 
Peritricha,   fresh-water,    water   uptake   in, 
44 

marine,  osmoregulation  in,  42 
pH.    See  Hydrogen  ion  concentration. 
Phaeommatin,  729 
Phascolosoma,  osmotic  adjustment  in,  11 

salt  regulation  in,  89 
Phengodes,  luminescence  in,  664,  665 
Phenylalanine,   structural  formula,    118 
Pheretima  posthuma,  composition  of  body 

fluids,  37 
Phonoreception,  471-501 

in  amphibia,  487 

in  arthropods,  492-499 

in  birds,  490 

in  fish,  484 

in  insects,  492 

in  mammals,  491 

in  man,  473-483 

functional  aspects,  477 

in  reptiles,  489 

in  vertebrates,  483 
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Phonoreception,  problems  of,  473 

transmission  in  nervous  system,  480 
Phosphagens,  muscle,  distribution  of,  614 
Phosphoarginine,   distribution  of,   615 

structural  formula,  616 
Phosphocreatine,  distribution  of,  615 

structural  formula,  616 
Phosphorolysis,  757 

Photochemical  effect,  illuminating  intensi- 
ty and,  407 
Photochemical    nature    of    photoreception, 

405 
Photochemical    reaction,    reactions   follow 
ing,  408 
of  photoreception,  440 
temperature  coefficient,  406 
Photoreception,  381-446.   See  also  Vision. 
carotenoids  in,  408 
measurement  of  functions  of,  414 
nonphotochemical  theories  of,  418 
photochemical  nature  of,  405 
physiology  of,  405-440 
summary  of,  439 
Photoreceptors,   electrical  activity  of,  420 
localized,  383 

function  in  orientation,  385 
morphology,  383 
pattern  vision  and,  387 
See  also  Eye. 
Photosensitivity.   See  Light  sensitivity. 
Phototrophic  organisms,  1 1 3 
Phototropism,  381 
Phrixothrix,  luminescence  in,  664 
Phrynosoma,  color  changes  in,  713 
Phylogeny,  comparative  physiology  and,  3 
Physiology,  fields  of,  1 
Physostigmine.    See  Eserine. 
Phytomonadida,  photoreceptors  in,  383 
Piercing  and  sucking  mechanisms,   147 
Pieris  hrassicae,  chromatophores  in,  691 
Pigeon,  lungs  and  air  sacs  of,  221 
Pigments,  absorption  spectra  of,  299 
as  blood  proteins,  334 
blood,  oxygen  tension  and,  247 
carotenoid,  in  vision,  408 
chemistry  of,  294-306 
dissociation  rates  of,  297,  298 
distribution  of,  290,  293 

in  worms,  294 
eye,    in   compound   eye,    diurnal   move- 
ments of,  388 
in  Drosophila,  730 
in  chromatophores,  678,  680 
in  annelids,  688 
in  Dixippus,  692 
light  sensitivity  and,  382 
molecular  weights  of,  301 
nitrogenous,  excretion  of,   190 
oxygen  transport  by,  306-329 
photosensitive,  chemical  evolution  of,  412 


Pigments,  retinal,  hormonal  control  of,  763 

sedimentation  rates  of,  301 
Pilocarpine,  action  of,  561 
Pinna,  473 

Pinnaglobin,  292,  293 
Pituitary  gland,  active  principle  of,  effect 
on  amphibia,  53 
anterior,  adrenotropic  principle,  758 
bird  migration  and,  767 
diabetogenic  principle,  758 
effect  on  carbohydrate  metabolism, 

758 
gonadotropins  in,  741 
growth  and,  726 
thyrotropic  principle,  758 
control  of  color  changes  in  reptiles, 

712 
control    of    reproductive    cycles    by, 

748 
effect  on  color  changes  in  amphibians, 
704 
in  fish,  709 
posterior,  effect  on  water  balance,  761 
Placenta,  estrogen  in,  745 

progestin  production  by,  746 
Placohdella  parasitica,  chromatophores  in, 

688 
Planaria,  dietary  factors  of,  135 
osmoregulation  in,  35 
photoreception  in,  386,  387 
Planorbis,  hemoglobin  function  in,  324 
Plasma,  concentration  of  ions  in,  93 
Plasmagel  in  amoeba,  632 
Plasmalemma  in  amoeba,  632 
Plasmalemma  in  amoeba,  632 
Plastron,  223 

Platyhelminths,  oxj'gen  supply  of,  211 
Platysamia,  metamorphosis  in,  735 
PLH,  698 

Plumage,  hormonal  control  of,  765 
Poikilosmotic  animals,  10-14 

definition,  8 
Poikilothermism,  240-244 
Poikilotherms,  acclimatization  in,  348 
aquatic,  body  temperature  of,  349 
thermal  reception  and  orientation  in, 
350 
inhabiting  dry  air,  353 
inhabiting  moist  air,  body  temperature 

of,  351 
lethal  temperatures  of,  344 
temperature  relations  in,  349-361 
Polarity  in  synaptic  transmission,  790 
Polychaetes,  gills  in,  213 
respiratory  pigments  in,  294 
ventilation  in,  262 
Polypus,  digestion  of  gelatin  by,   164 
Polysaccharides,  169 
digestion  of,  173 
distribution  of,   170 
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Porifera,    cholinergic    systems    in   muscles 
in,  611 
oxygen  supply  of,  211 
oxygen  withdrawal  by,  251 
See  also  Sponges. 
Porphyropsin,  phylogenetic  origin  of,  412 
Porpoise,  respiration  in,  260 
Posture,  nervous  control  of,  831,  832 
Potassium,  efiFect  on  visceral  muscles,  606 
in  synaptic  transmission,  795 
ions,  efifects  on  hearts,  562,  563 
in  sea  water  and  body  fluids,  78 
in  tissues  and  body  fluids,  76 
ratios  of  concentration,  82 
nerve  conduction  and,  780 
Potential,  action,  nerve,  777 
end-plate,  588 
ganglionic,  797 
synaptic,  797 
Praying  mantis,  brain  in,  820 
Precipitins,  immune,  107 
Pregnanediol,  747 
Presbyopia,  395 

Pressure,  blood,  measurement  and  regula- 
tion of,  534.   See  also  Blood  pressure. 
hydrostatic,   effects  on  various  gel  sys- 
tems, 635 
responses  to,  509 
osmotic.   See  Osmotic  pressure. 
oxygen.    See  Oxygen  tension. 
partial,  of  gases  in  dry  air,  210 
Prey,  mechanisms  for  seizing,  146 
Primates,  cortical  localization  in,  838 
Prochordates,  proteinases  in,  162 
Progesterone,  structure  of,  743 
Progestins,  746 
Prolactin,  748 

Prohne,  structural  formula,  119 
Proprioceptors,  503 
Protanopia,  437 
Proteases,  classification  of,  157 
Protein(s),  blood,  pigments  as,  334 
degradation   of,   compared  with   purine 
breakdown,  202 
products,  enzymes  of,  201 
types  of,  187 
digestion  of,  157-168 
electrophoretic  separation  of,  103 
immunological  specificity  of,   105 
in  blood,  103,  104 

size  of,  105 
in  hemoglobin,  297 
metabolism  of,  distribution  of  excretory 

products,  190-200 
oxygen    consumption    in   utilization   of, 

237 
sedimentation  of,  105 
specificity,   103-111 
Proteinases,  characteristics  of,  160-163 
distribution  of,  163 


Proteinases.    See  also  Protease. 
Prothrombin,  vitamin  K  and,  133 
Protocerebnun,   818 
Protopterus  annectens,  lungs  of,  219 
Protozoa,  adaptation  to  marine,  fresh-water 
and  parasitic  hfe,  38-46 
anaerobiosis  in,  273 
avenues  of  water  entrance  in,  43 
bioliuninescence  in,  661 
carbon   and    nitrogen   requirements   in, 

113 
carbon  requirements  in,  114 
chemoreception  in,  448 
conditional  responses  in,  843 
contractile  vacuoles  of,  38 
efficiency  of,  46 
function  of,  40 
mechanism  of  filling,  44 
essential  elements  for,  94 
exopeptidases  in,  166 
fat  digestion  in,  177 
membrane  permeability  in,  39 
nitrogen  excretion  in,  191,  192 
osmotic  adjustment  in,  10 
osmotic  concentration   of  cytoplasm  of, 

39 
oxygen  supply  of,  211 
pH  of  digestive  organs,  152 
pH  of  food  vacuoles  in,   155 
photoreceptors  in,  383 
proteinases  of,  160 
site  of  digestion  in,  150 
thiamine  requirements,  123 
trichocysts  in,  654 
Pseudocoelom,  531 
Pseudopodia,  as  feeding  mechanism,    145 

types  of,  630,  631 
Psychic   stimuli,   efiFect   on   color   change, 

684 
Pterines,  excretion  of,  190 
Pteroylglutamic  acid,  128 
Puffer  fish,  oxygen  withdrawal  by,  252, 
253 
respiration  in,  261 
Pugettia,   oxygen   consumption  and  body 

weight  of,  228 
Pupation  in  insects,  735 
Purines,  breakdown  of,  190 

excretion  of  in  various  animals,  192-196 
in  diet,  130 

metabolism  of,   compared  with  protein 
breakdown,  202 
distribution  of  enzymes  and  products 

of,  203 
evolutionary  trends  in,  205 
products,  excretion  of,   189 
Purkinje  tissue,  546 
Pyridoxal,   127 
Pyridoxamine,  127 
Pyridoxine,  127 
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Pyrimidines,  excretion  of,  190 

in  diet,  130 

requirements  for,  123 
Pyrophorus,  luminescence  in,  664 
Pyrosoma,  luminescence  in,  665 
Pyruvic  acid,  oxidation  of,  269,  271 


Q.o,  342 

Quotient,  respiratory,  274 


Radiation,  absorption  of  heat  from,  356 
Raja  clavata,  equilibrium  reception  in,  517 
Rana.    See  also  Frogs. 
Rana  fusca,  cutaneous  vs.  pulmonary  res- 
piration in,  212 
Rana  esculenta,  cutaneous  vs.  pulmonary 

respiration  in,  212 
Rana  temporaria,  respiration  in,  213 
Rat,  essential  amino  acids  lor,  117 
muscular  action  potentials  from,  591 
oxygen  consumption  of,  227 
phonoreception  in,  491 
Ratio,  U/P,  697 
Reception  of  food,  147 
Reciprocity  law,  406 

determined    from    electrical    measure 

ments,  425 
in  measurement  of  visual  functions, 
431 
Red  blood  cells.    See  Erythrocytes. 
Reflexes,  conditioning  of,  846 

ganglionic,   in   invertebrates,   812 
Refractory  period  in  synaptic  transmission, 

800 
Regulation,  ionic,  80-84 
mechanisms  of,  90-94 
responses    to   alterations   in   medium, 

84-90 
See  also  Ionic  regulation. 
osmotic,  8,  14-20.   See  also  Osmoregula- 
tion. 
Reissner's  membrane,  475 
Relaxation  of  muscle,  601 
Relaxin,  748 
Renin,  761 
Rennin,  163 

Reproduction,  hormones  and,  740-756 
Reproductive  cycles,  control  of,  748 

factors  influencing,   750 
Reptiles,  body  temperature  of,  358 
erythrocytes  in,  295 
forebrain  in,  836 
hemoglobin  content  in,  295 
kidney  in,  48 
melanophores  in,  712 
nitrogen  excretion  in,  195 
osmoregulation  in,  58 
phonoreception  in,  489 


Reptiles,  respiratory  characteristics  of  blood 
of,  307 

respiratory  control  in,  257 

respiratory  responses  in,  266 

uricolytic  enzymes  in,  204,  205 
Respiration  and  metabolism,  209-289 
summary  of,  277 

control  of,  in  diving  birds  and  mammals, 
258 
in  molluscs,  263 

cutaneous,  211 

flight  and,  261,  262 

gills  in,  213 

in  insects,  264 

in  polychaetes,  262 

in  Ttibifex,  262 

lungs  in,  212,  217 

nervous  control  of,  830 

pulmonary,  212 

regulation  of,  254-268 

skin  in,  211 

temperature  and,  261 

tracheae  in,  222 

types  of  mechanisms  for,  211-223 

See  also  Oxygen  consumption. 
Respiratory  center,  organization  of,  830 
Respiratory  quotient,  274 
factors  affecting,  275 
Respirometers,  224 
Response,  conditioned,  842 

neural  basis  for,  843 
Retina,  action  potential  of,  421 

effect  of  temperature  on,  423 

activity  of,  optic  nerve  activity  and,  423 

electrical  activity  in,  420 

in  color  vision,  438 

in  compound  eye,  387 

pigment  of,  hormonal  control,  763 

vertebrate,  structure  of,  395 
Retinenei,  410 

Rhabdom  in  compound  eye,  387 
Rheotaxis,  508 
Rhodnius,  developmental  hormones  in,  733 

experimental  parabiosis  and  telobiosis  in, 
734 
Rhodopsin,  395,  397,  410,  411 

phylogenetic  origin  of,  412 
Rhythm,  cardiac,  545 

diurnal,  color  change  and,  687 

in  nervous  systems,  806,  807 

muscular,  605 
Riboflavin,  requirements  of,   124 
Rodents,  water  balance  in,  59 
Rondeletia,  luminescence  in,  662 
Rotatoria,  oxygen  supply  of,  211 
RPH,  764 

R.Q.   See  Respiratory  quotient. 
Ruffini  organs,  364 

Ruminants,  cellulose  digestion  in,   172 
Rutin,   130 
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Sabella  pavonia,  oxygen  consumption  by, 

322,  326 
Saccharase,  174 
Sacculus,  475 
Salamanders,  gills  in,  216 
Salmon,  blood  concentration  in,  49 
Salt  balance,   maintenance   of,    endocrine 

influences,  760 
Salt  lakes,  osmoregulation  to  life  in,  32 
Salt  water.   See  Sea  water. 
Salts,  effects  on  hearts,  562.   See  also  lows 

and  Sodhitn. 
Saturation,  oxygen,  310 

critical  oxygen  tension  and,  250 
effect  of  COo  on,  315 
Schiff-Sherrington  phenomenon,   826 
Schistocephalus,  osmoregulation  in,  18 
Schistocerca    gregaria,    respiration    during 

flight,  262 
Scolopidium,  493,  494,  495 
Scolytidae,  wood  digestion  in,   172 
Scraping  mechanisms  for  feeding,   146 
Sea  water,  carbon  dioxide  content,  330 
concentration  of  ions  in,  78 
copper  content  of,  304 
crabs  in,  21 

hydrogen  ion  concentration  of,  80 
fish  in,  osmoregulation  of,  48 
mammals  in,  osmoregulation  in,  60 
osmotic  adjustment  to,  10 
salinity  of,  9 
Seal,  osmoregulation  in,  61,  62 

respiratory  mechanisms  in,  259 
Seasons,  oxygen  consumption  and,  240 
Secretin,  156,  762 

Secretion   of   digestive    fluids,    stimulation 
of,  155 
oxidative,  in  filling  of  contractile  vacu- 
ole, 45 
Sedimentation  of  proteins,   105 
Seizure  of  prey,  mechanisms  for,  146 
Semicircular  canals,  517 
Sensilla  basiconica,  451 
campaniform,  506 

adaptation  in,  512 
coeloconica,  451 
hair,  as  phonoreceptors,  497 
placodea,  451 
Sensitivity,     spectral,     electrical     measure- 
ment of,  422 
measurement  of,  431 
to  light,  381-446.    See  also  Photorecep- 
tion. 
Sepia,  eye  in,  384 

giant  fibers  in,  789 
Sergestes,  luminescence  in,  662 
Serine,  structural  formula,  119 
Serological    relationships    of    various    ani- 
mals, 105 
Serum  protein.    See  Blood  protein. 


Setae,  as  feeding  mechanism,   146 
Sex,  hormones  and,  740-756 

oxygen  consumption  and,  235 
Sheep,  embryonic  behavior  in,  828 
Shivering,  368 

Shrew,  oxygen  consumption  of,  226,  227 
Shrimps,  brine,  osmoregulation  in,  32 

gonadotropic  hormone  in,  754 

luminescence  in,  662,  663 
Sigura  luguhris,  osmoregulation  in,  33 
Silkworm,  developmental  hormone  in,  735 
Simocephalus,     oxygen     consumption     in, 

233 
Sinus  gland  in  crustaceans,   as  source  of 
chromatophorotropins,  696 
effect  on  molting,  739 
gonadotropic  hormone  in,  754 
retinal  pigment  hormone  in,  764 
Sipunculids,  blood  pressure  in,  540,  542 

cholinergic  systems  in  muscles  in,  612 

ions  in  body  fluids  in,  82 

nitrogen  excretion  in,   192 

protein  in  body  fluids  in,  104 

respiratory  pigments  in,  294 

uricolytic  enzymes  in,  203 
Sipunculus,  osmotic  adjustment  in,  12 

oxygen  transport  in,  325 
Size,  critical  oxygen  tension  and,  250 

oxygen  consumption  and,  225 
Skate,  equilibrium  reception  in,  517 
Skin,  as  respiratory  mechanism,  211 

thermal  receptors  in,  364 
Smell.   See  Odor  and  Olfaction. 
Snail,  digestive  secretion  in,  157 

hemoglobin  function  in,  324 

muscle  tension  in,  602 

osmoregulation  in,  36 

uric  acid  in  nephridium  of,  198,  199 
Snakes,  nitrogen  excretion  in,  200 

phonoreception  in,  489 
Sodium  ions,  effects  on  hearts,   562,   563 
in  sea  water  and  body  fluids,  78 
in  tissues  and  body  fluids,  76 
ratios  of  concentration,  82 
Solation  in  amoebae,  636 
Solidity  perception,  401 
Solubility   of  oxygen  in  biological   fluids, 

210 
Solutions,  physiological,  for  different  spe- 
cies, 95 

properties  of,  7 
Soma,  neuronic,  responses  of,  798 
Sound  discrimination  in  insects,  496 

intensity  of,  discrimination  of,  482 

localization  of,  482 
in  insects,  497 

waves,  471 

See  also  Phonoreception. 
Spawning,  gonadotropins  and,  742 
Species,  oxygen  consumption  and,  235 
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Specificity,  enzyme,  170 

protein,  103-111 
immunological,  105 
Spectacles,  404 

Spectrum    sensitivity,    electrical    measure- 
ment of,  422 
measurement  of  visual  function  and, 
431 
Spiders,  ocelli  in,  391 

phonoreception  in,  499 
Spinal  cord,  control  of  locomotion  by,  823 
organization  of,  821 

reflexes,  conditioning  of,  846 
Spirocysts,  656 
Spirostomutn,  44 
Sponges,  chemoreception  in,  449' 

conduction  in,  777 

fresh-water,  osmoregulation  in,  35 

See  also  Porifera. 
Spongilla,  osmoregulation  in,  35 
Squid,  muscle  contraction  in,  593 

oxygen  consumption  in,  233 

photosensitive  pigment  in,  410 
Stapes,  473 

Starch,  digestion  of,  169,  170,  173 
Starfish,  digestion  of  gelatin  by,  164 

peripheral  nervous  system  in,  809 
Statocyst,  512 
Statohth,  514 
Stemmata,  391 
Stenohaline,  definition,  20 
Stereotaxis,  507 

Sterols,  in  various  animals,   134 
Stigma  in  flagellates,  383 
Stimulation,  tactile,  efl^ect  on  color  change, 
684 

thermal,  364 
Stimulus,  conditioned,  842 

unconditioned,  842 
Stomach,  contents  of,  pH  of,  154 

hormones  of,  762 
Storage  of  food,  147 
Streaming,    protoplasmic,    630.     See    also 

Amoeboid  movement. 
Style,  amylase  in,  171 
Submergence.   See  Diving. 
Sucking  mechanisms,  147 
Sucrose,  structure  of,  168 
Sugar  utilization  in  flagellates,  114 
Sugars.     See    Carbohydrates    and    under 

specific  compounds. 
Sulfate  ions  in  sea   water  and  body  fluids, 
78 
in  tissues  and  body  fluids,  76 
ratios  of  concentration,  82 
Summation,  muscular,  592 
Surface  tension,  amoeboid  movement  and, 

634 
Sweating,  367 
Swim  bladder,  218 


Sympathin,  537,  5-57 
Synapses,  789 

delay  at,  799 

facilitation  in,  800 

integrative,  847 

mode  of  transmission  in,  791 

potential  in,  797 

refractory  period  at,  800 

relay,  847 
Synchronization  of  nerve  activity,  807 
Syncytium,  giant  fibers  in,  787 

Tactile  receptors,  adaptation  in,  510 
types  of,  503 
sense,  509 

stimulation,  eff^ect  on  color  change,  684 
Talorchestia,  oxygen  consumption  in,  243 
Tapeworms,  dietary  factors  of,  135 
Taste,  classification  of,  462 
receptors  for,  461,  462 
activation  of,  467 
sensitivity  of,  458 
See  also  Chemoreception 
thresholds  of,  459 
Taxis,  381 

Taxonomy,  stereochemical  basis  for,   109 
Tectum,  833 
Tegmentum,  833 
Telencephalon,  functions  of,  834 
Telotaxis,  393 

Telphusa  fluviatilis,  osmoregulation  in,  29 
Temperature,  adaptation  to,  346 
changes  in,  adaptation  to,  240-244 
effect  on  oxygen   dissociation   curve, 
312 
characteristics,  342 
coefficient    of    photochemical    reactions, 

406 
effect  on  ciliary  activity,  649 
effect  on  color  change,  684 
effect  on  reproductive  cycles,  75 1 
effect  on  retinal  action  potential,  423 
high,  lethal  effects  of,  346 
low,  343 

metabolic  response  to,  369 
metabolic  aspects  and  perception,   341- 
380 
summary  of,  373 
oxygen  consumption  and,  240 
oxygen  tension  and,  317,  318,  319 
oxygen   tension   and   consumption   and, 

248 
reception.    See  Thermoreception. 
regulation  of,  chemical  mechanisms  of, 
369 
color  change  and,  716 
development  of  in  homoiotherms,  363 
physical  mechanisms  of,  366 
relations  in  poikilotherms,  349-361 
respiration  and,  261 
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Temperature,  respiratory  quotient  and,  276 

"sense"  in  insects,  357 
Tenehrio,  linoleic  acid  synthesis  in,  134 

stereotropic  orientation  in,  508 
Tension  of  saturation,  310 

oxygen,     244-254.      See     also     Oxygen 

tension. 
receptors,  adaptation  in,  512 
surface,  amoeboid  movement  and,  634 
Tentacles  as  feeding  mechanism,  145 
Termites,  digestion  in,   172 
Testis,  effect  of  gonadotropins  on,  741 
estrogen  production  by,  746 
hormones  of,  743 
Testosterone,  structure  of,  743 
Tetrahymena,  dietary  factors  of,  135 
essential  amino  acids  for,   117 
substances  needed  for  growth,  120 
Thalamus,  functions  of,  834 
Thermoreception  in  aquatic  poikilotherms, 
350 
in  insects,  358 
in  man,  364 
in    poikilotherms    inhabiting   moist    air, 

353 
in  reptiles,  360 
Thermoregulation.   See  Temperature  regu- 
lation. 
Thiamine,  requirements  for,  122 
Thiazole,  requirements  for,  123 
Thigmotaxis,  507 

Threonine,  structural  formula,   118 
Thresholds,  sensory,  458 
Thyroid  gland,  effect  on  metabolism,  238, 
758 
growth  and,  727 
in  amphibians,  728 
Thyroxin,  effect  on  amphibians,  728 
Tissues,  body,  ions  in,  75 

soft,  mechanisms  for  ingesting,   146 
Tocopherol,  132 
Tonus,  muscle,  601 
Torpedo,  electric  organs  of,  617,  619 
Touch,  receptors  of,  503 
adaptation  in,  510 
sense  of,  509 
Trace  eleitients,  94 
Tracheae,  222 

respiratory  control  and,  267 
Tracheole,  222 

Transmission,  interneuronic,  789 
after-discharge  in,  805 
inhibition  in,  803 
synaptic,  791 

acetylcholine  and,  791 
delay  in,  799 
electric  current  in,  796 
ionic  changes  in,  795 
refractory  period  in,  800 
Transport  in  fluid-filled  body  spaces,  531 


Transport,  intraceUular,  531 

mechanisms,   extra-organismic,   531 
morphological  types  of,  531 
Tricarboxylic  acid  cycle,  269,  271 
Trichocysts,  654 
Trichoptera,  gills  in,  215 
Trichosurus,  motor  cortex  in,  837 
Tritocerebrum,  818 
Trimethylamine  oxide,  excretion  of,  189 

in  fish,  197 
Tritanopia,  437 
Trituration,  147 
Tropism,  381 
Tropotaxis,  386,  449 
Trout,  dietary  factors  of,  135 

phonoreception  in,  485 
Trypsin,  158 

distribution  of,   164 
Tryptophane,  structural  formula,  118 
Tuhifex,    hemoglobin    function    in,    321, 
322,  323 

respiration  in,  262 
Tufts,  branchial,  213,  214 
Tunicates,   peripheral   nervous   system   in, 

810.    See  also  Ascidians. 
Tunicin,  305 

Turtles,  blood  and  urine  concentrations  in, 
58 

effect  of  acetylcholine  on  heart  of,  560 

nitrogen  excretion  in,  198 
Tympanic  membrane,  473 
Tympanic  organs  in  insects,  function,  495 

morphology  of,  493 
Tyramine,  chromatophores  in  cephalopods 
and,  690 

neuromuscular  transmission  and,  613 
Tyrosine,  structural  formula,  119 

UcA,  color  changes  in,  695,  701 
UDH,  698 
U/P  ratio,  697 

Urea,  excretion  of,  188,  189,  198 
in  fish,  197 

in  various  animals,  192-196 
production  of,  201 
Urease,  distribution  of,  203-205 
Urechis,    hemoglobin    function    in,    324, 

325 
Ureotelic  animals,  198 
Uric  acid,  excretion  of,  188,  189,  199 
in  aquatic  vs.  land  animals,  198 
in  various  animals,  192-196 
formation  of,  189 
in  body  fluids,  200 
Uricase,  distribution  of,  203-205 
Uricotelic  animals,  199 
Urine,  concentration  of  ions  in,  93 

nitrogen  in.  See  Nitrogen  excretion  and 
Excretion. 
Urodeles,  phonoreception  in,  487 
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Urodeles,  serologic  relationships  in,  107, 108 
Utriculus,  475,  517 

Vacuoles,  contractile,  in  Protozoa,  38 
efficiency  of,  46 
function  of,  40 
mechanism  of  filling,  44 
food,  in  Protozoa,  150,  155 
Vagus  nerve,  effect  on  gastric  section,  1 56, 
157 
effect  on  heart,  557 
Vahlkampt^a  calkensi,   contractile   vacuole 

in,  42 
Valine,  structural  formula,  118 
Vanadium  chromogen,  292,  293 

as  blood  pigment,  305 
Vanadocytes,  305 

Ventilation  in  polychaete  worms,  262 
Ventilation  lungs,  220 
Venus,  calcium  in,  97 

effect  of  acetylcholine  on  heart  of,  560 
muscle  in,  579 
osmotic  adjustment  in,  13 
Vertebrates,    blood    protein    concentration 
in,  104 
brain  in,  various  types,  829 
cardiac  rhythm  in,  546 
chemoreception  in,  453 

behavior  and,  456 
cholinergic  systems  in  muscles  in,  609 
chroma tophores  in,  681,  703 
control  of  secretion  in,  156 
cutaneous  respiration  of,  212 
equilibrium  orientation  in,  520 
eye  in,  393-405 
fat  digestion  in,   177 
gills  in,  215 

growth  in,  hormones  and,  726 
hormones  and  sex  and  reproduction  and, 

740 
intermediary  metabolism  and  hormones 

in,  756 
ions  in  body  fluids  in,  80 
kidney  in,  48 
labyrinth  in,  516 
locomorion  in,  spinal  reflex  control  of, 

821-827 
lower,  carbon  dioxide  transport  in,  332 
marme,  ions  m  body  fluids  in,  85 
pH  of  digestive  organs,  153 
phonoreception  by,  483 
respiratory  movements  in,  254 
site  of  digestion  in,  151 
See  also  Amphibians,  Mammals,  etc. 
Vestibular  nuclei,  831 
Vestibule,  475 
Vibration  sense,  506 
Viscosity  of  muscle,  602,  604 
Vision,  acuity  of,  417 
explanation  of,  418 


Vision,  aerial,  403 

air-  and  water-,  403 

aquatic,  402 

central  mechanism  of,  435 

color,  436-440.   See  also  Color  vision. 

dichromatic,  437 

functions,    electrical    measurement    of, 
422 

measurement  of  functions  of,  414 
by  optic  nerve  discharge,  431 

nonphotochemical  theories  of,  418 

pattern,    localized    photoreceptors    and, 
387 

peripheral  mechanism  of,  405 

See  also  Eye  and  Photoreception. 
Visual  angle,  399 
Visual  field,  399 
Visual  purple.    See  Rhodopsin. 
Vitamin(s),  defined,  122 

fat-soluble,  131-135 

requirements  of  insects,  125 

water-soluble,   122 
Vitamin  A,  131 

in  vision,  410 
Vitamin  Bi.   See  Thiamine. 
Vitamin  B^.    See  Riboflavin. 
Vitamin  Bg,  127 
Vitamin  Bn,  129 
Vitamin  C.  See  Ascorbic  acid. 
Vitamin  D,  132 
Vitamin  E,  132 
Vitamin  K,  132 
Vitamin  P,  130 

Vitrification  at  low  temperatures,  345 
Volume,  regulation  of,  in  osmotic  adjust- 
ment,  13 
in  Protozoa,  38 

Warm-blooded    animals.     See    Homoio- 

thernts. 
Wasp,  respiration  during  flight,  262 
Water,  6-74 

avenues  of  entrance  in  Protozoa,  43 

balance,  maintenance  of,  6 

endocrine  influences,  760 
relation  to  nitrogen  excretion,  201 

brackish,  Crustacea  in,  24 

content    of    tissues,    osmotic    concentra- 
tion and,  8 

fresh,  adaptation  to,  33-38 
crustaceans  in,  29 
osmoregulation  of  fish  in,  47 

loss  in  insects,  56 
in  mammals,  59 

in  temperature  regulation,  366 

oxygen  withdrawal  from,  251 

poikilotherms  inhabiting,   349 

salt.   See  Sea  water. 
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